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CHAPTER 1

INTRODUCTION

In the modern era of astrophysics one of the next great discoveries will be the
first unambiguous detection of a gravitational wave (GW) source or event with an
electromagnetic (EM) counterpart. GWs interact only weakly with matter, allowing them to directly probe the central engines of violent, dynamical processes. EM
waves are absorbed and scattered by matter, allowing them to provide information
on the bulk material outflow. The two observational methods provide complementary
information, allowing for conclusions that cannot be made otherwise.
Several transient events are thought to produce GW and EM emission strong
enough to be observed in current or proposed missions. These include soft gamma-ray
repeaters, supernova, pulsars, and both long and short gamma-ray bursts. GammaRay Bursts (GRBs) are fascinating, complicated sources that have been observed
in gamma-rays for decades and, more recently, their afterglows and host galaxies
have been observed at lower energies. The sources of GRBs are also thought to be
promising sources for GWs detectable by ground-based detectors.
In Chapter 2 we discuss the background of short GRBs and Compact Binary
Coalescence from the perspective of gamma-ray and GW astronomy. The instru-
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ments relevant to this work are described in Chapter 3. Prospects for joint science
and a lower bound on the rate of joint detections, assuming our current theoretical understanding is accurate, are given in Chapter 4. Chapter 5 describes the only
current candidate counterpart to a GW and discusses it in context with our current
understanding. Chapter 6 contains concluding remarks.
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CHAPTER 2

BACKGROUND

2.1

Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) are the brightest explosions in the Universe. They come
from beamed emission that occur with the death of certain stars, are cosmological
in origin, promising multimessenger events, sources for testing extreme physics, and
despite decades of observation there is still much that remains a mystery. Here I give
a historically driven summary of advancements in the field.

2.1.1

Discovery

To ensure global compliance with the Nuclear Test Ban Treaty the United States
developed and launched the Vela satellites. When nuclear bombs detonate they produce radiation with a known signature. From space this signature appears as a short
pulse of gamma rays followed by longer lasting, weaker emission. To ensure this signature would be observed if a nuclear bomb was detonated the Vela series of satellites
were wide field gamma-ray observatories with broad energy coverage, high temporal
resolution, and sufficient effective area. On July 2, 1967 a significant increase above
background was observed by two Vela satellites but it didn’t match the signature
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of a nuclear bomb detonation; it was the first GRB detected. Through July 1972 a
total of 16 GRBs were observed, confirming them as a real event type (Klebesadel
et al., 1973). As no increase in particle activity was detected in the other on-board
instruments, the measured flux was properly assigned to photons.
The high temporal resolution allowed for the matching of lightcurves to determine the light travel time between satellites which can be used to localize the event
to an annulus. Multiple annuli can be combined to triangulate decent localizations,
a technique still used today. These localizations excluded terrestrial and solar activity as the source of these mysterious events. As no event was equidistant to a pair
of satellites a lower limit of several million kilometers to the source was set, firmly
assigning them as astrophysical in origin.

2.1.2

Cosmological Origin

The question arose: what could cause GRBs? They were believed to be galactic in
origin as the energetics seemed infeasible at extragalactic distances. One key piece of
information was to identify how nearby in the galaxy the sources were. With the poor
localizing capability at the time the best method was to measure the isotropy and
homogeneity of the source distribution. If the distance scale exceeded the width of
the Galactic plane then the distribution would be inhomogeneous and anisotropic as
the source distribution would track the galactic plane. Alternatively, if the distance
scale was narrower then the width of the galaxy then the source distribution would
be isotropic and homogeneous. A problem arose when information from KONUS and
the first and second InterPlanetary Networks (IPNs) (a collaboration using multiple
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gamma-ray instruments to triangulate GRBs) showed the distribution to be isotropic
and inhomogeneous (Golenetskii, 1988), which was thought to only arise for cosmological sources.
Homogeneity can be inferred by the brightness distribution. The observed
fluence S is equivalent to L/r2 , with L the source luminosity and r the distance to
the source. When the luminosity is independent of distance (meaning there is no
source evolution) and space can be approximated as Euclidean (not curved), then
the number of sources greater than a set luminosity N (> S) is equivalent to N (< r)
which is proportional to ρr3 with ρ is the source density. Substitution gives the well
known result N (> S) ∝ S −3/2 . A test for homogeneity is V /Vmax , which is equivalent
to the measurable (Cmin /Cmax )3/2 with Cmax the maximum count rate for an event
and Cmin the detection threshold. Homogeneous sources will distribute this value
uniformly between 0 and 1, for an expectation value of 1/2.
In the case of galactic sources a good measure of anisotropy is to measure
the dipole and quadrupole moments. The dipole moment, <cos θ > with θ the
angular distance from the galactic center, will be consistent with zero for isotropic
distributions and non-zero for source distributions that favor the galactic center. The
quadrupole moment <sin2 b >, where b is Galactic latitude, will be 1/3 for isotropic
sources and non-zero for source distributions that favor the galactic plane.
The NASA Great Observatory for gamma-ray observations was the Compton Gamma-Ray Observatory (1991-2000) and on-board was the Burst And Transient Source Experiment (BATSE). Early in the primary mission the BATSE team
reported their source distribution was consistent with isotropy and inhomogeneous
5

with V /Vmax = 0.348 ± 0.024, a six sigma deviation from homogeneity (Meegan et al.,
1992). Later, a coordinate-free test of the dipole and quadrupole moments, as well as
tests for other forms of anisotropy, was applied to the BATSE GRB distribution and
arrived at the same statistically significant conclusion (Briggs et al., 1996). Here homogeneity arises from either long-term source evolution (which should require times
longer than the light travel time across the Galaxy) or the distance scale exceeding
where one can approximate spacetime as Euclidean. As the years went on and the
result strengthened the field became split between those that insisted on a Galactic
source distribution, primarily because of energetics arguments, and those that insisted
on a cosmological source, primarily because of the isotropy and inhomogeneity found
by multiple missions.

2.1.3

Afterglows

In astrophysics it is usually assumed that the fastest variations for a given source
constrain the size R as any variation shorter than the light crossing time will be
smoothed by propagation delay; that is, R < cδt with δt the shortest variability
timescale. The cosmological distance for GRBs implied enormous energetics but the
millisecond variability implied very small sources. Taken together the system would
be opaque to photon pair production, and even if enough electron positron pairs were
created to allow for sufficient recombination the resulting spectrum would be thermal,
which does not match observations.
The resolution is a bulk relativistic outflow towards the observer. With Γ as
the bulk Lorentz factor both the observed timescale variability and optical depth are
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a factor Γ2 smaller than their source values. Similarly, the photon energy observed is
also increased by a factor of Γ. GRBs typically require a Γ of at least ∼ 100 to match
observations.
Paczynski and Rhoads (1993) used this to argue that as the ultrarelativistic
ejecta from the GRB interacts with the interstellar medium (ISM) it should glow
in radio wavelengths. This was expanded on by Katz (1994) to argue that GRB
afterglows should be visible below the peak energy of the prompt emission from Xrays down to radio.
The Italian-Dutch satellite BeppoSAX, which was launched in 1996, detected
GRB9702281 with one of its Wide Field Cameras (WFCs), and performed follow-up
observations eight hours later by the Narrow Field Instruments (NFIs) which detected
a transient X-ray source with a power-law decay, the first GRB afterglow detected
(Costa et al., 1997). Follow-up observations also found a consistent optical afterglow,
but no radio afterglow. The location was consistent with a dim galaxy, providing
direct evidence for a cosmological origin. It was possible that the alignment of the
afterglow with a galaxy occurred by chance and some holdouts of the galactic origin
mindset remained.
A few months later BeppoSAX also detected GRB970508 and again detected
an X-ray afterglow. Follow-up observations found the optical afterglow and later a
radio afterglow for the first time. No consistent galaxy was found. However, the
1

GRBs are labeled as GRBYYMMDDX where YY, MM, and DD correspond to the first two digits
of the year, the month, and the day, respectively. The first GRB reported for a day is appended the
letter A (in place of the X). Following the order of reporting the appended letter is alphabetically
ordered. Before 2010 the letter A used to only be assigned if a given day had two bursts reported; as
a result some older bursts do not have an alphabetical assignment. This naming convention is being
more widely used for multimessenger astronomy, such as for neutrinos and gravitational waves.
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optical observations of the GRB afterglow from the Keck Observatory showed the
redshift of the GRB was at least 0.835 (Metzger et al., 1997), which confirmed the
cosmological origin of GRBs and removed any last vestige of hope for the Galactic
sympathizers.
Another BeppoSAX burst, GRB990510, provided the first observational evidence that GRBs result from beamed emission (Harrison et al., 1999). Radiation from
material with a bulk Lorentz factor Γ is beamed into a cone with angle 1/Γ. The
bulk relativistic outflow slows as it interacts with local particles. Once the matter
has slowed enough that the entire physical jet is visible the observed power law index
will steepen. This is assumed to be an achromatic jet break (though it is not always
achromatic) in the power law decay of the afterglow, and the jet opening angle can be
inferred from the jet break time (Piran et al., 1999; Frail et al., 2001). This solved the
last remaining issue of the total energy budget, though not the efficiency to convert
this energy into gamma rays.
Modeling GRB afterglows as synchrotron emission from a bulk relativistic outflow interacting with a local medium can provide constraints on the local circumburst
density. The local environments are usually assumed to be constant density (e.g. the
ISM) or a power law density (e.g. a wind-like environmental resulting from pre-burst
mass-loss from the stellar progenitor) (Granot and Sari, 2002). Early work provided
evidence for circumburst densities of ∼ 1 − 10cm−3 with some bursts favoring the
wind-like environment models (Chevalier and Li, 1999). Further work provided evidence for a range between ∼ 0.1 − 100cm−3 (Yost et al., 2003).
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The well localized afterglows allowed association with specific galaxies, and
sometimes specific regions in galaxies. Further observations of other bursts showed
these GRBs formed in stellar forming galaxies (Pian et al., 1998; Bloom et al., 1998)
and in star-forming regions of the galaxies themselves, to a greater degree than even
supernova (SN), and favor low-metallicity environments (Fruchter et al., 2006). All
of these point to the progenitors of these GRBs as the core collapse of massive stars.

2.1.4

GRBs and Supernova

Even before the declassification of the discovery of GRBs (though after the first
detection), Colgate (1968) predicted that SN should be observable in gamma-rays.
During the Great Debate on the Galactic vs cosmological origin of GRBs there were
more than a hundred theoretical models on what events could cause GRBs. Under the
assumption that GRBs are cosmological Paczynski (1986) argued that the energetics
required a SN-like phenomena. Woosley (1993) first introduced the concept of a
collapsar as a source of GRBs, where a massive star with large angular momentum
will core collapse into a compact object and form an accretion disk from the remaining
stellar envelope, resulting in jets along the rotational axis.
With the cosmological vs Galactic debate over in 1997, the GRB-SN proposal
became more popular. The next year, BeppoSAX detected GRB980425 with one of
its WFCs. Follow-up ten hours later with the NFIs detected two previously unknown
X-ray transients. A day later, on April 26 1998, a core-collapse SN (SN1998bw, Type
Ic) was detected within the BeppoSAX error box. This was the first direct evidence
of a single source producing both a GRB and a SN (Galama et al., 1998); however,
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both were oddities: the GRB was subluminous compared to other known GRBs, the
odd case of two X-ray sources in the initial localization, and radio observations of
the SN required a relativistic gas which had not been observed before. This caused
skepticism on the association.
Over the next few years a number of GRBs with bumps in the afterglow
lightcurves consistent with arising from a SN were observed. To date a few tens
of joint SN-GRB detections have been associated. There are only a handful of SNGRB associations where the SN is proven spectroscopically, and these are for events
with z < 0.2. Through 2010, these are GRB980425/SN1998bw (Galama et al., 1998),
GRB030329/SN2003dh (Stanek et al., 2003), GRB031203/SN2003lw (Malesani et al.,
2004), GRB060218/SN2006aj (Modjaz et al., 2006), and GRB100316D/SN2010bh
(Cano et al., 2011). Only GRB030329 is not under-luminous compared to the total
population of LGRBs. We now know that LGRBs with associated SN are systematically subluminous compared to the total LGRB population. This is due to the
horizon limit for detecting SN. Additionally, in contrast to most SN, SN with an
associated LGRB are relativistic; they are all broad-lined type Ib/c SN.

2.1.5

Two Classes of GRBs

Not all GRBs appear to be related to the collapse of massive stars. Following evidence for a 2D bimodal distribution of duration and spectral hardness in the prompt
emission of SGRBs, afterglow and host observations added to this evidence for two
distinct progenitor classes. These are usually called short (SGRB) and long (LGRBs)
as the first hints of distinct classes arose from the bimodal duration distribution.

10

Early on in the study of GRBs it was noticed that very short bursts might be
distinct from the longer bursts (Cline and Desai, 1975). This was also seen in the
KONUS instruments on the Venera satellites, where it was also noted that the short
events were softer, which is likely a misidentification of soft gamma-ray repeaters
(Mazets et al., 1981). At the 1991 Gamma-ray Burst Conference in Huntsville there
was a new presentation on a possible relation between duration and spectral hardness
(Dezalay et al., 1991). This culminated in a paper by the BATSE team (Kouveliotou
et al., 1993) where the large GRB set provided by BATSE proved that shorter GRBs
are harder on average than longer GRBs. This paper defined duration by the T90
which is the time it takes between the 5% and 95% of the burst fluence, with the usual
dividing line between short and long classification set to 2 seconds. Unfortunately the
duration-hardness distributions have large overlap (as does the duration distribution
alone); it is often difficult to classify individual bursts based solely on prompt emission.
The reason the previous subsections have only talked about LGRBs is because
for decades the advances in the field came from LGRBs alone. They have brighter
prompt emission, occur more frequently, have brighter and longer lasting afterglows,
and their SN explosions are also bright enough to be detected, in some cases. Fortunately, owing to the quick reporting of accurate localizations by NASA’s Swift
Gamma-ray Burst Mission (Gehrels, 2004) the first SGRB afterglow was observed
for GRB050509B (Gehrels et al., 2005). The afterglow observations of GRB050509B
provided evidence for the association with a luminous elliptical galaxy, offset from the
galactic center, a low circumburst density, no observed optical afterglow, and having
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a dimmer afterglow and being closer than typical LGRBs. We now know that these
characteristics are all fairly common for SGRBs.

2.1.6

Short Gamma-Ray Bursts

Even before it was widely accepted that two distinct populations of GRBs exist it
was proposed that the merging of a neutron star (NS) with another neutron star
(NS-NS; Eichler et al. 1989) or with a black hole (NS-BH; Narayan et al. 1992)
could cause a GRB. These systems are formed when a binary system has both stars
undergo SN, with the explosions providing significant kick velocity to the entire binary
system. Owing to the loss of energy to gravitational waves the objects move slowly
closer until merging, on timescales of hundreds of millions to a few billion years.
Around merger time the NS is disrupted, expelling neutron-degenerate matter into
the surrounding area. Without the crushing gravitational pressure maintaining the
neutron-degenerate matter it expands. This matter is then accreted onto the new
black hole, producing the jets that result in the observed GRBs. This suggests an
older stellar progenitor, with the sources offset from the host galaxy, occurring in a
lower circumburst density, and with comparatively dim afterglows, all of which match
the observations of SGRBs. Additionally, no SN have been found in association with
SGRBs, with stringent limits (e.g. Kann et al. 2011).
There is only limited non-circumstantial evidence to confirm the progenitors
of SGRBs as NS-NS or NS-BH mergers. Similar to how LGRBs are followed by
SN, it is thought that compact object mergers with a NS will be followed by a relatively omnidirectional event called a kilonova (also referred to as a macronova in the
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literature), so-called because it is much brighter than a typical nova but much less
luminous than a typical SN. It was first predicted for NS-BH mergers by Lattimer and
Schramm (1974) and expanded to NS-NS mergers in the same paper that predicted
NS-NS mergers as GRB progenitors (Eichler et al., 1989). It should be noted that
not all NS-BH merges should produce GRBs, e.g. a sufficient large black hole will
swallow the NS whole with no disruption. The theoretical expectation for a kilonova
is a few tenths of a solar mass of neutron star material is ejected non-relativistically,
and mostly omnidirectionally, into the surrounding area where the heavy r-process
elements decay. Kilonova were originally thought to be brightest on the order of a
day and in optical wavelengths (Li and Paczyński, 1998). It is now thought to be
brightest in the near-IR, about a week after the SGRB (Barnes and Kasen, 2013). So
far there is only one relatively convincing detection of a kilonova around an unambiguous SGRB, GRB130603B (Tanvir et al., 2013). A jet break was observed at the
same time in the optical and radio bands. If this jet break is achromatic then there
is an excess in infrared, matching theoretical predictions (Fong et al., 2014). There
have been other claims of evidence of kilonova for ambiguously classified bursts (e.g.
GRB060614 Jin et al. 2016), and constraining limits set for other nearby SGRBs (e.g.
Fong et al. 2016 for GRB150101B).
As SGRBs are the main topic of this dissertation more relevant background
will follow in the appropriate sections. For a general review on SGRBs see Berger
(2014). For a comprehensive overview of follow-up observations of SGRBs see Fong
et al. (2015). Among topics not covered here are SGRBs with extended emission
where there is a short hard spike followed by a weaker, longer tail (all in gamma13

rays), and spectral lags which is the time delay between peaks in different energy
bands, which tend to be negligible for SGRBs but not for LGRBs (Norris et al.,
2005). Additionally, both long and short GRBs have afterglows detected up to GeV
energy (Ackermann et al., 2013).

2.2

Compact Binary Coalescences

The modern era of astrophysics is moving towards multimessenger astronomy. The
study of space has always been done with light: the prehistoric gazing at the stars, the
description of SN1054 (which formed the Crab Nebula), Galileo’s refinement of the
telescope and observations of the moons of Jupiter, Kepler’s use of Brahe’s amassed
data to develop the three laws of planetary motion, Newton using his laws of motion
to derive Kepler’s laws and describe gravity, to nearly the modern era, our entire
understanding of the cosmos was based on light alone. While we all stand on the
shoulders of giants the foundation was laid with light.
This began to change only in the last century or so. The first step beyond light
was made with Victor Hess’s 1912 balloon flight showing an increase in radiation as
he rose above the Earth’s surface, irrefutably demonstrating the existence of cosmic
rays (Hess, 1912). The next step began with Wolfgang Pauli’s letter describing the
theoretical framework for what is now called the neutrino (Pauli, 1930), and the first
detection of the neutrino with the Cowan–Reines experiment in 1956 (Reines and
Cowan, 1956). In the modern era we now have dozens of cosmic ray observatories
and a handful of large neutrino experiments (which are oddly called telescopes).
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While cosmic rays and neutrinos are vast, important fields in their own right,
and GRBs are promising sources of both, they are not of interest for this work. The
fourth pillar of multimessenger astronomy is gravitational waves, which contribute
the information to this work that photons cannot.

2.2.1

General Relativity

Albert Einstein’s Annus Mirabilis will never be matched. Starting with the photoelectric effect (Einstein, 1905b) requiring the quantization of light which is part of the
wave-particle duality foundation of quantum mechanics, followed by an explanation
of Brownian motion proving the existence of atoms (Einstein, 1905c), culminating
in the Special Theory of Relativity (Einstein, 1905a) which requires that the laws
of physics are invariant in all inertial reference frames and the speed of light (in a
vacuum) is the same in any frame, and the derivation of the most famous equation,
E = mc2 (Einstein, 1905d). An existential consequence of the Special Theory of
Relativity is that space and time are not absolute.
In 1907 Einstein realized that relativity must extend to gravitational fields,
which was of consequence because the Special Theory of Relativity’s limit on the speed
of information breaks the axiom of infinite propagation speed in Newtonian gravity.
Einstein argued that a box that is uniformly accelerated would be indistinguishable
from a box sitting in a static gravitational field. In the former case a clock on top of the
box would tick faster than a clock on the bottom per the Special Theory of Relativity
and by this equivalence principle the same must also happen for gravitational fields,
the first thoughts on gravitational time dilation. The next thought experiment was of
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an observer on a rotating disk attempting to calculate the value of π. When measuring
the radius R to the center of the disk the axis is perpendicular to the observer’s
motion, so the radius is the same as the rest frame. However, when measuring the
circumference C the ruler would be length contracted as it is along the axis of motion.
The result being that C/2R 6= π. The inescapable conclusion is that spacetime is nonEuclidean, i.e. it is capable of being locally curved. He went on to study Riemannian
geometry to formalize this idea (though spacetime is Pseudo-Riemannian).
The result was the General Theory of Relativity (GR; Einstein 1916), a geometric theory of gravity where spacetime curvature is related to the local energy
and momentum of the local matter. The first observational evidence for GR was
the explanation of the anomalous precession of Mercury, first described by Le Verrier
(1859). However, this was not entirely convincing as there were many other (incorrect) explanations of the anomalous precession of Mercury. The first real test was
predicting the correct deflection of light around a celestial object due to its gravity,
as GR predicts a value two times greater than that of Newtonian gravity. In 1919
Sir Arthur Eddington led a team that made observations during a total solar eclipse,
allowing them to measure the deflection of light from distant stars around the sun
(Dyson et al., 1920). Interestingly, this is something we (here meaning humanity)
were able to measure owing to the extreme fortune that the Moon and Sun are at
just the right distances, during the relevant era, to be the same area on the sky despite
their vast size differences.
The last historical test of GR was the measurement of gravitational redshift,
equivalent to gravitational time dilation, which was first done with the Pound-Rebka
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experiment (Pound and Rebka, 1959). In a brilliant experiment that measured gravitational redshift by negating it with Doppler shift, by using the energy equivalence
for emission or absorption of photons when an electron moves between atomic energy
levels, and by exploiting the then newly described Mőssbauer effect. This was also the
first precision experimental test as it was measured to 10% accuracy. Subsequently,
modern testing has put extremely stringent limits on deviations from GR, making
GR one of the most well tested and experimentally confirmed theories ever.

2.2.2

Gravitational Waves

Shortly after the publication of the Special Theory of Relativity, Poincaré applied
the Lorentz transformations to EM and noted that, analogously to EM, accelerating
masses will produce gravitational waves (GWs; Poincaré 1906). Shortly after the
publication of the General Theory of Relativity, Einstein published a formal mathematical description of GWs as strain (δL/L) of spacetime (Einstein, 1918). Owing
to a number of mathematical mistakes (problems with the coordinate systems) GWs
were not widely talked about for some time. This is also because GWs were thought
to be so weak they would never be directly detected.
The strongest GWs are from compact objects with close orbits. In 1975 Hulse
and Taylor announced the first detection of a binary neutron star system (Hulse
and Taylor, 1975). One of the neutron stars is a pulsar, and deviations from the
expected time between the pulses allowed for a measurement of the orbit with the
companion star; the inferred orbit is sufficiently small that the companion must also
be a compact object. Later observations constrained the masses and the orbital
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parameters, allowing for explicit predictions on the orbital decay of the system from
GR. These predictions matched multi-year observations (Taylor and Weisberg, 1982)
providing the first observational evidence on the existence of GWs, leading to a Nobel
Prize for Hulse and Taylor.
On September 14, 2015 the Laser Interferometer Gravitational-Wave Observatory (LIGO) directly detected GWs for the first time (Abbott et al., 2016a). The
event is named GW150914, following the naming convention established for GRBs.
The discovery was poetic as it was the last major prediction of Einstein’s to be confirmed, and was done so 100 years after the first prediction. The direct detection
was not the only surprise: the progenitor was the merging of two black holes, each
about 30 solar masses, and resulting in one about 60 solar masses. Each of the progenitors was larger than the largest stellar mass black hole previously known, with
the final 60 solar mass black hole breaking the record again. Additionally, several
solar masses worth of energy was emitted as GWs. GWs were again observed with
GW151226 (Abbott et al., 2016b), and possibly a third time with LVT151012 (though
the second in chronological order; LVT stands for LIGO/VIRGO Transient, which
are interesting events that do not reach detection significance; Abbott et al. 2016c).
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CHAPTER 3

MODERN INSTRUMENTATION

3.1

Gamma-Ray Detectors

There are a number of different gamma-ray detector designs with different priorities.
Scintillators can provide wide-field and broad-band energy coverage but lack spatial
discrimination. Larger detector planes with partial coding masks can provide accurate
localizations (∼ arcminutes) but operate over a narrower energy range and more
limited (though still wide) field of view (FoV). One method of resolving these trade
offs is the use of multiple instruments on one spacecraft.

3.1.1

The Fermi GBM

The following description of the Fermi GBM is combined from text in Burns et al.
(2016) and Connaughton et al. (2015):
The Fermi Gamma-ray Burst Monitor (GBM) has twelve thallium-activated
sodium iodide (NaI(Tl)) scintillation detectors that cover the energy range 8 keV to
1 MeV and two bismuth germanate (BGO) scintillation detectors that are sensitive
between 200 keV and 40 MeV. This formal instrument paper for GBM is Meegan
et al. (2009). GBM does not take data when it transits the South Atlantic Anomaly
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(SAA), which occurs about 15% of the time. Additionally, GBM cannot observe the
sky through the Earth, which occults about 30% of the sky. Together this means
GBM observes 60% of the sky on average.
The GBM is ideally suited to detect rare and unpredictable transient events.
GBM continuously takes data and triggers in response to short impulsive rises in
detector count rates. Since the launch of Fermi in June 2008, GBM has triggered onboard more than 5000 times to events lasting from under a millisecond to hundreds of
seconds. This collection of triggered events1 includes over 2000 Gamma-Ray Bursts,
1100 solar flares, 200 bursts from 9 separate magnetars, and 700 Terrestrial Gammaray Flashes (TGFs). Dedicated offline searches over all or parts of the mission have
yielded over 200 additional magnetar bursts (Collazzi et al., 2015), thousands of additional TGFs2 (Briggs et al., 2013), nearly 700 type I thermonuclear bursts from
Galactic binary systems (Jenke et al., 2016), non-impulsive steady or variable emission from over 100 mostly Galactic sources (Wilson-Hodge et al., 2012), and pulsed
emission from 35 accretion-powered Galactic binary systems3 .

3.1.1.1

Continuous Data Types

There are three main types of continuous data for GBM. The first is CTIME data,
which is usually binned at 0.256 s resolution (sometimes 0.064 s) and binned into
8 energy channels. The second is CSPEC data which has lower time resolution but
128 energy channels. The last type, which has only been generally available since
1

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigtrig.html
http://fermi.gsfc.nasa.gov/ssc/data/access/gbm/tgf/
3
https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html
2
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November 2012, is time-tagged event (TTE) data, which is unbinned in time and has
128 energy channels. For the purpose of this work I developed a new type of data
format. It is binned TTE (BTTE) data that is identical to CTIME data except it
allows for arbitrary time resolution.

3.1.1.2

On-board Triggering

The GBM has multiple triggering algorithms that act on varying energy ranges and
timescales. For the 50-300 keV band the trigger algorithms operate on nine timescales
from 16 ms to 4 s in steps of factor 2. The other three energy scales (25-50 keV,
>100 keV, and >300 keV) currently operate on timescales starting at 16 ms with
maximum timescales less than a second. The flight software triggers when it detects
simultaneous increases in the count rates of two or more NaI detectors above an
adjustable threshold specified in units of the standard deviation of the background
rate. Statistics about the GBM GRB triggers and the algorithms that detect them
are provided in the GBM GRB catalogs (Paciesas et al. 2012, Gruber et al. 2014,
Narayana Bhat et al. 2016). The GBM triggers on-board for about 40 SGRBs/year
and about 200 LGRBs/year.

3.1.1.3

Blind Search for SGRBs

Owing to the recently increased interest for SGRBs a search was designed to uncover
untriggered SGRBs in TTE data. The on-board triggering algorithms have a relatively high threshold to prevent triggers from background fluctuations. This search,
called the blind (or untargeted search), is similar in nature to the on-board trigger
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algorithm with a lower threshold. This is a major GBM team project and will be
formally described in Briggs et al. (in prep). Below we describe the current version
of this search.
TTE data is binned and the search is run on time scales from 64 ms to 32 s
and allows for four steps in phase. The search runs over multiple energy bands above
50 keV. This lowers the uncertainty in the search as at lower energies the background
is more variable and may be contaminated by Galactic sources and solar flaring. The
search checks each source window for significant increases above a fit background,
and when the counts exceeds 2.5 σ above background in one detector and 1.25 σ in
another detector it is considered a candidate. This candidate is rejected if the joint
probability is less significant than 1x10−6 /day (after trials factors).
Candidate SGRBs are manually vetted and reported publicly4 . Currently the
search is producing approximately 100 SGRB candidates/year (in addition to the
triggered SGRBs), making GBM the most prolific (by rate and in total) detector of
SGRBs ever. The limitations of the search are a preference for the source arising
from a location with favorable geometry to at least two GBM detectors, and working
only in raw count space.

3.1.1.4

The Targeted Search

In addition to this undirected offline search, a targeted search of the GBM data was
jointly developed by GBM and LIGO team members to search for coincident LVEM events during S6, the last observing run of the previous configuration of LIGO
4

https://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html
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(Blackburn et al., 2015b). By searching both GW and GBM datasets, the significance
of a sub-threshold signal in one can be strengthened by the detection of a signal in
the other, provided the false positive rate of the joint search is characterized and the
detection levels in both instruments are selected accordingly. The directed search
of the GBM data is seeded with the time and (optionally) the sky location of any
LIGO/Virgo candidate event. A coherent search over all GBM detectors (NaI and
BGO) using the full instrument response at each sky position is performed over a
user-specified time window, assuming one of three template source spectra, revealing
short-duration candidates typically between 0.256 s to 8 s in duration. A detailed
description is available in Blackburn et al. (2015b).
The candidates are ranked by a Bayesian likelihood statistic. The model spectra for each tested source location are Band functions with three sets of parameters
spanning the range of astrophysical phenomena we expect to uncover. Emission from
galactic transients, solar flares, and soft GRBs is expected to favor a soft spectrum.
Long GRBs are typically best fit with a moderate spectrum, and a hard spectrum is
often preferred for short GRBs. The values for the parameters of the Band function
(Band, 2006), two power-law indices and a peak energy, are those used in the standard
GBM source localization process (Connaughton et al., 2015): α, β, Epeak = (-1.9,
-3.7, 70 keV), (-1, -2.3, 230 keV), and (0, -1.5, 1 MeV), for the soft, moderate, and
hard spectra, respectively. The response to each spectrum is evaluated over all sky
locations with an option to use a known source position as a prior in the evaluation of
the likelihood. Events, characterized by their time and duration, are ranked by their
likelihood ratios after marginalizing over their unknown source amplitude, spectrum,
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and sky position. We note that these spectral models are used as templates to identify
candidates in the data, allowing a sky-position-dependent deconvolution of our data
to evaluate the significance of any candidate across all detectors. No optimization of
the models or of their parameters is performed. Because a trials factor is required
for each template, we use only three models, spanning a large parameter space from
very soft to very hard, without any preconception about which type of event we are
seeking.

3.1.1.5

GBM Localizations

The axes of the NaI detectors are oriented to optimize the all-sky coverage and enable the localization of GRBs by comparing the relative observed source rates in each
detector (Meegan et al., 2009). For triggered events this technique gives a usual statistical uncertainty of a few degrees to a few tens of degrees. This allows GBM to have
all-sky, broad-band energy coverage with some autonomous localization capability;
this is unique among active gamma-ray detectors.
There is also a systematic error in the GBM localization, which is a few degrees
for triggered GRBs (Connaughton et al., 2015). For untriggered GRBs found by the
blind search, which localizes bursts with the same method, the systematic is unknown.
This is somewhat ameliorated by the larger statistical uncertainty for these events
owing to the weaker counts on average. The targeted search localizes with a different
method and the systematic uncertainty has not been investigated.
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3.1.2

Other Gamma-Ray Instruments

While this dissertation primarily focuses on the analysis of GBM data a number of
other gamma-ray instruments are relevant. We briefly describe them here.

3.1.2.1

The Swift Burst Alert Telescope

Swift and Fermi are complementary instruments for the study of GRBs. The Swift
Burst Alert Telescope (BAT) is the most prolific detector of GRBs that can provide good localizations (over a thousand GRBs localized with an uncertainty of a
few arcminutes), and can use the other instruments on-board the Swift satellite to
get localizations down to arcseconds. However, the BAT lacks all-sky coverage and
has a limited spectral range. Fermi and Swift together provide the greatest science
return for GRBs. The formal BAT document is Barthelmy et al. (2005). The X-Ray
Telescope (XRT) on-board Swift is pointed at BAT triggers to provide prompt X-ray
observations and localizations accurate to a few seconds.
The following description of the Swift BAT is quoted from Burns et al. (2016).
The Swift BAT is composed of a detector plane with 32,768 CZT detector
elements, a coded-aperture mask above the detector plane, and a graded-Z fringe
shield to reduce the background rate (Barthelmy et al., 2005). As compared to
GBM, which has a large field of view with poor localization ability, a wider energy
range, and spacecraft pointing dependent backgrounds, this design gives BAT lower
backgrounds and the ability to detect weaker GRBs than Fermi GBM. The BAT
operates over the energy range 15-150 keV, with a 1.4 sr half-coded FoV, and can
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localize to an accuracy of a few arcminutes, which enables follow-up with narrow field
instruments on-board Swift. The BAT’s FoV with localization capability is quantified
by the partial coding fraction, which is the fraction of BAT detectors exposed to a
position on the sky. In practice it has values between ∼0.0 and ∼1.0, where 1.0 is
fully coded, 0.5 is half-coded, and 0.0 means the position is outside the region within
which the BAT can localize an event.
The BAT trigger algorithms consider pre-burst and post-burst background intervals, the duration of the burst emission test interval (currently 4 ms to 16 s), the
region of the detector plane that is illuminated (with different criteria for different
combinations of detector quadrants), and the energy range (typically 4 different bandpasses). There are two stages to this trigger algorithm. The first stage is triggered
by an increase in count rate above a set signal-to-noise ratio. After a rate trigger an
image will be generated to confirm and localize the event. A second burst detection
method is also run; the detector array count rate map is processed through the imaging algorithm on time intervals between 64 s and ∼5 minutes, and scanned for point
sources. If the image signal-to-noise ratio for either algorithm exceeds a set threshold
the event is confirmed as an unknown trigger source. If no source is found in the
image after the rate trigger increase then it is considered a failed event. Ground inspection of failed rate triggers or data acquired when the spacecraft is slewing (when
triggering is disabled) can result in further GRB detections. Details on the Swift BAT
are found in Barthelmy et al. (2005) and more details on the current BAT triggering
algorithms can be found in Lien et al. (2014).
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3.1.2.2

KONUS-Wind

The (Russian) KONUS instrument on-board the NASA spacecraft Wind, the successor to the KONUS instruments on-board the Venera series spacecrafts, is GBM’s
closest peer in terms of broad-band, all-sky coverage (Aptekar et al., 1995). KONUS
is at the L1 Lagrangian point giving it the advantage of all-sky (unocculted) observations, stable backgrounds, and no interruptions due to the SAA. KONUS has no
autonomous localization ability. However, the long distance to the Lagrangian point
gives the ability to tightly localize bursts seen by both KONUS and GBM (or other
instruments) based on the light travel time between the instruments. KONUS-Wind
has also been active for over two decades, making it a backbone of the third IPN.
Here we use KONUS to confirm that GBM’s spectral capabilities are well understood. We performed spectral analysis of bursts seen by both instruments and
showed wide scatter but little systematic disagreement between instruments. Additionally, joint fits also suggest general agreement between the instruments (Lipunov
et al., 2016). This confirms that GBM’s response matrices are likely accurate to about
20%. This is very important because the two provide the best spectral information
for large numbers of bursts. It remains ongoing work to refine this comparison.

3.1.2.3

INTEGRAL SPI-ACS

The last gamma-ray detector of interest here is the Anti-Coincidence Shield for the
SPectrometer of the INTEGRAL spacecraft (SPI-ACS), which has a wide field of
view of the sky, high uptime, broad energy coverage (>80 keV) (von Kienlin, A. et al.,
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2003). SPI-ACS has no spectral or detector discrimination (meaning no localization
capability) as every photon is readout through the same channel.

3.2

Gravitational Wave Interferometers

For this work we only used information from Advanced LIGO as it is the only upgraded interferometer that has completed a scientific observing run, referred to as
the O1 run. However, we make reference to situations in the future when more upgraded interferometers are expected to join the GW detection network. Therefore,
we provide an in-depth discussion of Advanced LIGO and the relevant searches, and
a cursory discussion of the other future instruments.

3.2.1

Advanced LIGO

For a long time it was thought to be a fool’s errand to directly detect GWs owing
to how weak they are. The first proposal to use interferometers was made in 1962
(Gertsenshtein and Pustovoit, 1963). The NSF established LIGO in 1984 as a joint
MIT-Caltech project with the mission the eventual direct detection of GWs. After
many years of NSF investment LIGO began taking data in 2002. Further funding
allowed for the development of Advanced LIGO, an upgraded version, which began
taking data in 2015 (on budget and on time) and will approach design sensitivity over
the next few years.
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3.2.1.1

Detectors

Advanced LIGO has one modified Michelson inteferometer (IFO) at Livingston, LA
and a second in Hanford, WA. The large distance between the two IFOs removes
contamination from local sources of noise and allows for localization through the light
travel time between the detectors. Each IFO has 4 km long arms which vary slightly
in length as gravitational waves pass through. The differential length variation caused
by the gravitational wave strain produces a phase shift in the light through each arm,
resulting in a proportional optical signal when recombined. For a full description see
Aasi et al. (2015).

3.2.1.2

Compact Binary Coalescence Triggers

LIGO searches for transient, stochastic, and continuous GWs. Searches can either
be modeled or unmodeled, with modeled searches being more sensitive. Here we are
concerned with the searches for the merging of compact objects, which is a modeled,
transient search.
The search for compact binary coalescence (CBC) events is carried out using
two independently developed pipelines, PyCBC (Dal Canton et al. 2014; Usman et al.
2016) and GstLAL (Cannon et al. 2012; Privitera et al. 2014; Messick et al. 2016).
The search procedure is only briefly summarized here; details are described elsewhere
(Abbott et al. 2016c; Abbott et al. 2016c). Both pipelines rely on accurate models of
the inspiral, merger and ringdown phases of coalescing binaries in order to detect weak
CBC signals buried in the detector noise and to reject instrumental transients. The
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parameter space of plausible CBC signals is covered by a grid of O(105 ) points and a
template waveform is computed at each point. Each template is correlated with the
LIGO science data, producing a signal-to-noise ratio (SNR). The SNR is compared
with a pre-established threshold; combinations of template and data sample which
lead to an SNR above the threshold are recorded as CBC triggers. Triggers from
the same template happening within a ∼ 15 ms time coincidence window in the
two LIGO detectors are promoted to coincident triggers and ranked with a network
statistic. This statistic is different for PyCBC and GstLAL, but in both cases it is a
function of the single-detector SNRs and a quantity measuring the consistency of the
data with the template waveform (χ2 signal-based veto). Using different methods,
both pipelines also produce empirical estimates of the background distribution of the
network statistic in the absence of GWs (Tito dal Canton, private communication).
Such distributions are finally used to map the network rank of each coincident trigger
to a false-alarm rate (FAR). As we use a separate FAR for the search in GBM, in
this work we refer to GW FARs as FARGW . The FARGW is the final statistic used to
claim detections.
Because of their different assumptions and implementation details, PyCBC
and GstLAL produce, in general, different sets of triggers from the same data. Strong
CBC signals are typically assigned FARGW s which are equivalent for the purpose of
claiming a detection, but not numerically equal. Moreover, even if the pipelines have
comparable sensitivities, a weak signal can, in principle, be detected by one pipeline
only.
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For CBC triggers LIGO can provide constraints on 15 parameters: both
masses, x,y,z spin components, distance, location (RA and Dec), time of arrival,
inclination, polarization, and phase. Unfortunately most of these are degenerate. For
example, the inclination and distance are degenerate as they both have some effect
on the signal strength.

3.2.1.3

Localizations

Owing to the degeneracies in the measured parameters the final refined localization
is done with the full parameter estimation, performed by the LALInference software
library (Veitch et al., 2015). Owing to the necessity of quick reporting in time domain
astronomy, and exacerbated by the quick fading afterglows that might be observable
for some CBC events, a quick but accurate localization routine was developed for
Advanced LIGO, called BAYESTAR (Singer and Price, 2016).
These localizations can be used to inform GBM searches for electromagnetic
counterparts to GWs. Events that are related will have locations overlap. Unrelated
events will tend to localize to different regions on the sky; however, when each individual localization is large the chance of overlap is non-negligible. In real-time searches
the LIGO BAYESTAR maps are used to inform the GBM searches, and when an
event is sufficiently interesting a later search using the LALInference map is done.
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3.2.2

Other GW Interferometers

Owing to the importance of the discovery of GWs and the opening of a new avenue to observe the universe multiple advanced IFOs are being built. Each of these
instruments is similar in design to Advanced LIGO.

3.2.2.1

GEO600

An international team of European institutions planned and built GEO600. While
it is only 600 m long it tested and refined a number of improvements to the GW
IFO design that have been used in the larger advanced GW detectors. It was the
only other GW detector operating during Advanced LIGO’s previous observing run,
but owing to its shorter arm length it is not observing astrophysically interesting
distances.

3.2.2.2

Virgo

The next advanced IFO will be Virgo. Virgo is a multi-country collaboration primarily
supported by France and Italy. It has 3 km long arms and is located near Pisa, Italy.
In the usual operating mode of a GW IFO network, two IFOs must be running for
confirmation of detection and localization, but owing to the extremely complicated
machinery the livetime of the individual detectors will not approach unity. Therefore,
having a third IFO viewing similar distances will be extremely beneficial as discoveries
can still be made even when one IFO is offline. When all three IFOs are running there
will be an increase in the detection distance.
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Additionally, the Advanced LIGO IFOs are co-aligned to maximize the overlap
region of the antenna patterns maximum sensitivity. This directly correlates to the
expected rate of detections, which was largely unknown until 2015. Virgo is rotated
45◦ relative to the LIGO IFOs. This allows for better constraints on some observable
parameters, such as the polarization of the GW.

3.2.2.3

Future IFOs

The NSF funded a third Advanced LIGO IFO. This IFO is now being assembled in
India. This was done to foster international collaboration, reduce the cost to the
NSF, and the placement of the detector in India gives a larger distance between the
IFOs, allowing for larger time offset between IFOs and improved all-sky sensitivity
than the existing LIGO network.
Japan is also building its own advanced GW IFO, the Kamioka Gravitational
Wave Detector (KAGRA). KAGRA will be 3 km long and pull from existing advanced
IFO technologies, and be the first implementation of further improvements such as
cryogenic mirrors.
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CHAPTER 4

COMPACT BINARY COALESCENCES WITH A NEUTRON STAR

4.1

GW-EM Joint Events

There are a number of sources thought to be observable in both GWs and photons.
While GW and EM detections provide interesting science in their own right, there
are some discoveries that can only be made by joint detections.

4.1.1

The Importance of Joint Detections

For transient GW searches, a joint GW-EM (here LV stands for LIGO-Virgo) detection can quickly confirm the GW candidate as real. The online LIGO analyses
sometimes produce false positives, causing pointed follow-up observatories to waste
valuable observing time. This has already happened once in O1. A joint EM detection immediately informs the follow-up community that a given event is real and
likely detectable at other wavelengths.
A joint detection could prove useful in the study of gravity. For example,
the time offset between the signals can be used to constrain the speed of gravity
(e.g., Branchina and De Domenico 2016 or Yunes et al. 2016), expected to be c. An
independent constraint could be used to distinguish between modified gravity or GR
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with a dark energy component to explain the acceleration of the expansion of the
Universe (Lombriser and Lima, 2017). Similarly, constraints could be set on Lorentz
Invariance provided there are enough gamma ray photons.
Individual event types can inform specific fields of study. For soft gamma-ray
repeater bursts the lack of associated GWs or strong limits may distinguish between
models on how these bursts occur (Abbott et al., 2008). Searches for continuous GWs
can be used to set limits on the asymmetry of individual pulsars (Aasi et al., 2015).
Searches for GW burst around supernova explosions can constrain internal dynamics
(Abbott et al., 2016d). GW burst searches could even identify unexpected sources
of GWs that could be associated with EM events. The data from Advanced LIGO’s
first observing run is still being analyzed, but will at the very least provide better
constraints on these parameters. A full discussion of all the expected sources of joint
detections is beyond the scope of this work.

4.1.2

Associating Events

There are two main pieces of (purely observational) evidence that can be used to
associate events. The first is the spatial agreement. When the events come from the
same source the independent localizations will overlap. When there are two events
that are unrelated the locations will tend not to overlap; however, in cases with large
uncertainties and differing morphology the chance coincidence is non-negligible. The
smaller each independent localization is the more significance can be gleaned from
spatial information. In some cases, when there are independent measures of distance,
this third dimension can contribute additional significance from spatial agreement.
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The second type of information that can be used for associating a GW event
with an EM event is temporal. Events that occur close in time, or are offset within an
expected interval, can be associated, provided these types of events are sufficiently rare
relative to the time interval searched. The narrower the allowable time interval the
more significance can be assigned from temporal information. A good time selection
will seek to balance the increase in significance with the risk of excluding a true joint
event that falls outside of the a priori time interval.
The better constrained the localizations are the less accuracy is needed in the
time domain to achieve a significant association, and vice versa. For SN1987A neutrinos came from the same position on the sky as the EM signal; however, the neutrinos
arrived hours earlier. This occurred because the neutrinos traveled unobstructed
to Earth. The photons took hours to breakout from the stellar envelope owing to
photon-photon interactions. Because of the relatively constrained localizations the
large time offset was not problematic. The reverse has also been done. When events
are not well localized, such as very high energy sources, the simultaneous flaring in
multiple energy bands can be used to associate the two events.

4.2

The SGRB-CBC Connection

As SGRBs are bright in EM, CBCs are loud in GWs, and they are thought to arise
from the same source, they are among the most promising sources for a joint GW-EM
detection. We have established that SGRBs are thought to come from all NS-NS and
some NS-BH mergers and that LIGO has detected GWs multiple times from BH-BH
systems. One of the next great discoveries for LIGO will be a merger with at least
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one NS, which are more difficult to detect due to the lower mass of the system. There
is large uncertainty in the rates estimates for these mergers, and therefore the rates
of those detectable by Advanced LIGO.
CBC mergers can be detected further out than most other possible sources
of GWs as the search relies on template matching. The detection rate scales as the
spacetime volume, proportional to the distance cubed, providing a distinct advantage
for CBC events. Additionally, there is firmly established theory on both GW and EM
expectations, and the events are thought to be common enough that CBC events will
be regularly detected at design sensitivity. NS-BH systems can be detected further
out than NS-NS mergers. However, the distance depends on the mass of the system
and we do not have constraints on the population of NS-BH binaries as no such system
is known. A NS-BH system where the BH is about 10 solar masses will be detectable
twice as far as a NS-NS system, corresponding to a factor of 8 in searched spacetime
volume. Additionally, NS-BH mergers are thought to produce brighter prompt SGRB
emission as the gravitational gradient will result in a more complete breakup of the
NS.
Prompt SGRB emission can be divided into three possible sub-classes. The
first is the main phase. The second is extended emission, which is seen in some
fraction of SGRBs and thought to be due to longer term central engine activity. The
last sub-class, which will be talked about in more detail in Section 4.7 is precursor
emission.
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For reasons that we will show, the prompt emission of SGRBs is the most
promising signal for joint LV-EM observations. In this chapter, unless specified otherwise, we are discussing about NS-NS mergers.

4.2.1

Prompt SGRBs as the Most Likely EM Counterparts to GWs

SGRBs, their afterglows, and kilonova are all possible EM counterparts to GWs and
there are dedicated follow-up searches for all of them. Kilonova should be omnidirectional, which is an advantage over the other two. However, even nearby kilonova are
fairly dim and the claimed detection for an unambiguous SGRB took Hubble observations that only provided one data point of putative NIR excess, in an event with
an anomalous X-ray component. Finding a consistent kilonova signature in hundreds
of square degrees and with an uncertain time range is difficult and because of the
large spatial and temporal uncertainties any putative kilonova signal is likely to be
insignificant. A claim of a kilonova would likely only be believed if it followed a well
localized GRB or GRB afterglow.
SGRB afterglows can last for hours (Fong et al., 2015) allowing them to be
detected even if the prompt SGRB emission was not observed. These are referred
to as orphan afterglows. They are also unlikely to reach the necessary significance
and be convincing, as there are only a few credible claims to date (Cenko et al. 2013,
Cenko et al. 2015), and SGRB afterglows are likely to fall below the detection limit
before they can be observed for a typical 2 GW IFO localization. The significance
necessary to accept the claim of an orphan afterglow to a GW event will be great.
If GRB jets widen over time then it is possible that GRB afterglows may be visible
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to a wider angle than the prompt GRB emission. This is promising as they should
occur at higher rates than prompt GRBs, but they share the same issues as orphan
afterglows.
Prompt SGRB emission is the most likely to be detected owing to the all-sky
gamma-ray telescopes. Because the time offset between the SGRB start and the
CBC merger time are expected to be small (explained in Section 4.2.3), and SGRBs
are relatively rare events, an association could be significant even with a poor EM
localization. This is in large part because of the well-developed GW and EM theory
on these sources, which is not available for many prospective GW-EM events.

4.2.2

Joint SGRB-CBC Science

Joint events can inform the study of GRBs. A joint CBC-SGRB detection is likely the
only way to directly prove that NS-NS or NS-BH mergers as progenitors of SGRBs,
as so far the evidence is circumstantial or not entirely convincing. Additionally, the
EM energetics could be related to the component masses and spins. This can also
confirm or refute that NS-BH mergers are intrinsically brighter and louder than NSNS mergers.
If SGRBs are caused by NS-NS or NS-BH mergers then a joint detection can
solve one of the most significant issues that arises from the parameter estimation
uncertainties from the GW observations: the so called ‘mass-gap’ (Littenberg et al.,
2015). Around a few solar masses the uncertainty on the progenitor masses make it
unclear what one or both of the progenitor stars are, either a NS or a BH, or possibly
some more exotic entity, and this is complicated by the maximum NS mass being
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unknown. Presuming SGRBs are caused by NS-NS or NS-BH mergers, when there is
a joint CBC-SGRB detection then at least one of the progenitor stars is a NS.
A joint detection can also simultaneously inform both fields of study. Related
parameters can be compared against each other. E.g., the jet opening angle can be
compared with, or informed by, the LIGO constraints on the inclination angle and
vice versa.
External fields can also benefit from information obtained through joint GWSGRB detections; here I list only a few examples. CBC events are thought to be
standard sirens in the way type Ia SN are standard candles. Joint detections allow for
an independent calibration to the cosmic ladder, providing greater certainty on these
distance measurements and the conclusions drawn from them. The rates and firm
classifications of the progenitor systems can constrain population synthesis models.
Early emission from NS crust fracturing and the time to merger can constrain the
NS equation of state (Tsang et al., 2012). The previously mentioned constraints on
the speed of gravity, and the ensuing conclusions that can be made, as well as limits
on Lorentz Invariance are likely best set by SGRB-CBC events owing to the small
expected time offset, cosmological distances, and high energy photons.

4.2.3

Associating SGRB and CBC events

As we have discussed, GBM, the most prolific detector of SGRBs, has poor localization ability, as does a 2 GW IFO detection. Therefore, time offset is likely to
bring the most significance to a possible association. The question becomes what is
the expected time offset for SGRB-CBC events, and here we restrict our discussion
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to CBC associations with prompt SGRB emission. GWs interact very weakly with
matter, and are thought to travel at the speed of light. The SN that creates the
compact objects sheds most of the remaining stellar material, and the natal kicks
result in the progenitor system being in the Inter-Galactic Medium (IGM) instead
of the Inter-Stellar Medium (ISM). As a result, these systems are thought to usually
merger in low circumburst density. Therefore, there should be little delay of the EM
emission relative to the GW emission as they propagate from the source to us.
Then, most of the delay between the GW and EM signals is likely dominated
by the intrinsic time delay and not due to differential transmission delay. The prompt
emission of SGRBs is thought to be caused by the matter released during the disruption of the NS becoming beamed emission as it inflows onto the resulting black hole.
Therefore, the prompt SGRB signal should be nearly simultaneous or very shortly
after the merger time inferred from the GW inspiral.

4.2.4

Face-On Mergers

Joint events can only be expected when both GW and EM emission are thought
to arise for a given parameter space. For joint SGRB-CBC detections we are only
interested in systems where the GRB jet is oriented towards Earth. SGRB jets
are thought to beamed along the total angular momentum axis. Combining the few
measurements of SGRB jet opening angles with a number of limits and a theoretically
motivated maximum of 30◦ the current estimate of the average SGRB jet opening
angle is 16◦ ± 10◦ (Fong et al., 2015).
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While GWs are emitted omnidirectionally they are strongest along the total
angular momentum axis (the same as SGRBs) and weakest in the orbital plane, which
differ in strength by a factor of

√

8. Because of this inclination dependence and the

sky-dependent sensitivity of GW IFOs defining a detection distance is complicated;
therefore, it is often described as two different numbers. The detection range of a
GW detector is averaged over all-sky and all inclinations. The maximum detection
distance is called the horizon distance and occurs for a face-on merger at the optimum
sky position, which is 2.26 times further than the range (Fairhurt et al., 2010).
For SGRB-CBC events we restrict ourselves to inclination angles of less than
30◦ as the prompt gamma-ray emission is not believed to be visible beyond this
range (e.g. Rezzolla et al. (2011), and references therein). The GW strength at 30◦
inclination is about 90% of the maximum strength. The actual average jet opening
angle is thought to be half this and an uncertainty of 10% is small compared to
other unknowns, so we approximate our estimate by assuming face-on events. The
GW amplitude for face-on mergers is about 1.5 times stronger than the inclination
averaged value (Camp et al., 2013). As the GW amplitude is directly proportional to
the detection distance this corresponds to a rate increase of more than a factor of 3.
To estimate the joint detection rate the relative sky exposures of the observatories must be accounted for. The relative exposures for GBM and Advanced LIGO
show no strong directional preference (which is shown later), allowing us to use the
sky-averaged value.
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4.2.5

Increasing Joint Detection Rates Through Combined Information

Currently no joint statistic has been established for the significance of a joint GWEM detection; however, there have been investigations in searching for sub-threshold
signals in one regime around significant events in the other.
A candidate GW event can be elevated to a GW detection if a significant EM
counterpart is associated. The GW ranking statistic can be lowered while maintaining
a set false alarm significance by requiring the GW candidate to have a detectable EM
signal. This reduction in ranking statistic threshold is proportional to the detectable
distance. The increase possible is dependent on the instrument, search algorithm,
source type, and the significance of the EM signal. For a one in a thousand prompt
gamma-ray event (consistent in time and location) the distance is increased by 15-20%
(Blackburn et al., 2015b), which is calculated for the GBM targeted search. This same
paper gives an increase of ∼25% for SGRBs near the minimum triggering threshold
of BAT SGRBs. For a rare, well-localized transient, such as an X-ray afterglow, this
increase can be up to 50% with a GW background rejection factor of 107 (Camp et al.,
2013).
Conversely, a targeted search of GW strain data around EM signals thought
to produce GWs can also increase the effective search distance. This gain is due to
restricting the livetime searched and the time offset allowed between observing IFOs
based on the EM localization. An obvious case is searching around GRBs. LGRBs
may occur with weak GW radiation within a few hundred seconds. SGRBs should
have strong GW radiation and be offset by less than a few seconds. Additionally,
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for SGRBs we expect circularly polarized GWs, allowing a further reduction of templates. Together these increase the sensitivity and therefore the effective range of the
search by at least 20-25% (Williamson et al., 2014). This paper suggests a number
of improvements to further increase the effective range, which may be applied to the
search for GWs around GRBs in LIGO’s O1 data.
While developing a joint statistic is beyond the scope of this work, we can
work out an estimate of the minimum increase in detection distance available from
combining information for a SGRB-CBC event. With a gain of 1.5 due to faceon mergers and 25%-50% in distance for requiring joint detections we gain a factor
increase of between ∼1.9-2.3. This corresponds to almost an order of magnitude
increase in joint detection rate, and this is often neglected for estimates of joint
detection rate.

4.3

The Measured Redshift Distribution of Swift BAT SGRBs

In this work I seek to set a lower bound on the joint SGRB-CBC detection rate assuming the Advanced GW IFOs approach their design sensitivity. The usual approach
is to estimate the intrinsic redshift distribution of SGRBs by taking the measured
redshift distribution of SGRBs, attempting to correct for the instrumental selection
effects, and then matching the result to a population synthesis model, and then calculating the fraction within an assumed distance.
Measuring the redshift of SGRBs is more difficult than for LGRBs. The quicker
fading and fainter afterglows make direct measurement of the redshift rare. Assigning
a redshift is usually done by associating a SGRB afterglow with a nearby host galaxy,
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and then measuring the redshift of the galaxy (Tunnicliffe et al., 2014). Often the
afterglow is outside of the putative host galaxy because of the natal kicks (Wong
et al., 2010). The measured offset is a 2D projection of a 3D kick. Sometimes
there is more than one possible galaxy, further complicating matters. The XRT
localizations, which are sufficient for significant association, are large enough that the
exact offset is uncertain; the exact offset usually require an optical or radio detection
of the afterglow. Tunnicliffe et al. (2014) also discusses ‘hostless’ SGRBs, where well
localized SGRBs have no obvious associated host galaxy despite deep limits. This
is thought to either be due to the host galaxy being undetectable due to intrinsic
faintness or great distance, or relatively nearby with the offset being large in angular
distance. Tunnicliffe et al. (2014) show that hostless SGRBs have an excess of nearby
galaxies, suggesting the traditional assignment of probability of a SGRB to a host
galaxy may underestimate association for large offsets.
In order to avoid dealing with combining redshift distributions from different
instruments, where we would need to deal with instrumental selection effects to homogenize the distribution, we restrict our sample to bursts detected by Swift BAT.
This only removes one SGRB with measured redshift. There is not a canonical redshift distribution for Swift BAT. For the purposes of this work we describe the three
most complete lists in the literature and build a meta-sample from them; these are
summarized in Table 4.1.

45

4.3.1

The Third Swift BAT GRB Catalog

The Third Swift BAT GRB Catalog (Lien et al., 2016) encompasses a wide range of
GRB analyses in BAT. Among the tables1 , which have been updated through the end
of 2016, is a list of GRB redshifts for BAT bursts. This redshift list was compiled by
combining other lists and an exhaustive search of the literature. I refer to our subset
of this list as the Lien sample.
Starting with this table, we reduce the list to those with BAT T90 < 2.0 s. I
list the redshift value of 0.111 for GRB061201 as it agrees with our other BAT SGRB
redshift samples, and not the other listed value of 0.0865. There are three GRBs
listed in the paper with a ‘(?)’ next to the redshifts in the table which I consider
confirmed. For GRB141212A and GRB150423A I consider these redshifts confirmed
as they also appears in at least one of the other BAT SGRB redshift samples. For
GRB161104A I use this value as it is near the center of the distribution and does not
alter our ultimate results.

4.3.2

Fong et al.

The most complete list of SGRB redshifts is given in Fong et al. (2015). This sample
contains the first measurement of redshift for many SGRBs. This is our Fong sample.
We do not use the redshift limits for our analysis.
GRB 050709 was detected by HETE2 and was not detected by Swift BAT, so
we remove it from our sample. This burst has a measured redshift of 0.161, one of the
closest. There is an ambiguity for the redshift of GRB050813 between a value of 0.72
1

http://swift.gsfc.nasa.gov/results/batgrbcat/index.html
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or 1.8. I use the value of 0.72 for this sample for plotting purposes. GRB050724A is
listed here as a SGRB despite a T90 = 3.0 as it has spectral hardness and negligible
spectral lag, as expected for SGRBs.

4.3.3

Siellez et al.

Our last sample is taken from Siellez et al. (2016), here called the Siellez sample.
Here I again remove the HETE2 burst 050709. The main difference with this sample
compared to the other samples is allowing for GRBs that were not localized more
accurately than the BAT localization (e.g. they have no XRT detection). This choice
likely includes information from more bursts with a possibility of a false association.
The cut defining a burst as short for the Siellez sample is the rest frame T90 being
less than 1 second long. In principle, the rest frame corrected duration distribution
should be more reliable, but this is not traditionally done since most bursts do not
have a measured redshift.

4.3.4

My Sample

Each of these samples is useful for specific purposes and the differences between
them do not mean one is wrong and the other is right. My purpose here is a very
conservative estimate on the fraction of SGRBs in the nearby Universe, and my
selections reflects this.
Here I attempt to create a sufficient Swift BAT redshift distribution for this
purpose by combining these three samples. I also searched the literature over the
time after the samples end, but there were no additional unambiguous results that
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weren’t included in the Lien sample (which was the most up to date). For the most
part the three samples agree. When at least two samples have the same redshift
value and there is no disagreement from the third sample we use the listed value. I
do the same for bursts too new to be covered by some of the three samples, as they
are all unambiguously SGRBs with convincing redshift claims. If a SGRB only has a
redshift value in the Fong sample I include it in my sample as this is likely the first
reporting of this measurement. These three cases cover the majority of the SGRBs.
Here I justify my reason for which (if any) redshift value I use for bursts not covered
by these three cases.
GRB050724A has a T90 > 2.0s and was included in the Fong sample as it has
spectral hardness and negligible spectral lag indicating it belongs to the short class. I
do not include this in my sample, as despite agreeing with the classification as short,
combining samples with different criteria is difficult.
For GRB050813 there are two claimed redshift values. The first measurement
is 0.72, assigned to a spatially coincident cluster. The second value is 1.8 that was
argued by Edo Berger (Berger, 2006). Therefore we use the 0.72 value; I note that
neither selection would alter our results.
GRB070809 is listed with two different redshifts. The first is at 0.2187 with the
chance association is given as 10% in the citation. Fong requires a lower probability
for host association, thus we use the reported 0.8 value from the Fong sample.
GRB090417A was only localized by the BAT because observing constraints
prevented Swift from observing the position with the XRT. As a result a conservative
estimate of the chance association with the given galaxy is 12% (Wen-Fai Fong,
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private communication), which with a trials factor for every SGRB found by BAT but
unobserved by XRT means this association is not significant enough for our sample.
In principle, bursts with no or incomplete followup do not contribute to the trials
factor, but this is not done here as incomplete reporting of observations makes this
list extremely difficult to compile and is beyond the scope of this work. Therefore,
we exclude this burst. We remove GRB070923 for the same reason. The removal of
these two has the greatest impact on the nearby fraction as they are the two closest
redshifts ever claimed for SGRBs.
GRB090927 is not included in my sample because the BAT T90 is 2.2 seconds.
It was included in the Siellez sample as the relatively high redshift, with a value of
1.37, for a SGRB gives a rest frame T90 of 0.93 seconds, which is below the threshold
cut applied. We remove this burst from our final sample, and this decision has little
effect on our resulting conclusion.
GRB100628A is listed at 0.102 for only one sample. For this burst the initial
X-ray source was found to be persistent. Further observations revealed a second Xray source that faded in time. Despite the relatively few counts, it is significant. As
a result the XRT localization was larger than normal, leading to less significance in
the host galaxy association. This is one of the most nearby claims. Owing to the
exclusion of multiple closer claimed redshifts and the argument of underestimating
associations on a population level from Tunnicliffe et al. (2014), I include this burst
in my sample.
For GRB131004A two lists give a redshift of 0.717, and the third gives 0.088.
The 0.088 value is likely a typo (we note this has no effect on the claims in the Siellez
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Table 4.1: The three measured redshift samples for Swift BAT SGRBs from the
literature, as well as the meta-sample chosen for this work.
GRB
Lien
Siel. Fong Here
161104A 0.788
0.788
160821B
0.16
0.16
160624A 0.483
0.483
150423A 1.394 1.394
1.394
150120A 0.460 0.46 0.460 0.460
150101B 0.1343
0.134 0.134
141212A 0.596 0.596 0.596 0.596
140903A 0.351 0.351 0.351 0.351
140622A 0.959
0.959 0.959
131004A 0.717 0.088 0.717 0.717
130603B 0.3565 0.356 0.356 0.356
120804A
1.3
1.3
1.3
1.3
111117A
1.3
1.31
1.3
1.3
101219A 0.718 0.718 0.718 0.718
100724A 1.288 1.288
1.288
100628A 0.102
0.102
100625A 0.452 0.452 0.452 0.452
100206A
0.41 0.407 0.407
100117A 0.915 0.915 0.915 0.915
090927
1.37
090515
0.403 0.403 0.403

GRB
090510
090426
090417A
080905A
071227
070923
070809
070729
070724A
070714B
070429B
061217
061210
061201
061006
060801
060502B
051221A
050813
050724A
050509B

Lien
2.609
0.122

0.2187
0.4571
0.9023
0.8270
0.111
1.130
0.287
0.5464
0.722
0.225

Siel. Fong Here
0.903 0.903 0.903
2.609 2.609 2.609
0.088
0.122 0.122 0.122
0.381 0.381
0.076
0.473 0.473
0.27
0.8
0.8
0.457 0.457 0.457
0.923 0.923
0.904 0.902 0.902
0.827 0.827 0.827
0.41 0.41
0.111 0.111 0.111
0.438 0.438
1.130 1.130 1.130
0.287 0.287 0.287
0.547 0.546 0.546
1.8
0.72 0.72
0.257
0.225 0.225 0.225

paper as it is not highlighted as one of the nearby population SGRBs), so we use
0.717.
My final sample gives measured redshifts of 39 SGRBs. This sample has
redshifts for more than half of Swift BAT SGRBs that have prompt XRT observations
(39 of 73). This sample is far more complete than that of LGRBs, despite redshift
measurement of LGRBs being easier. A fractional cumulative plot of the four different
samples is shown in Figure 4.1.

50

Figure 4.1: The cumulative fraction of BAT SGRBs within a given redshift for the
three samples from the literature and the meta-sample, compiled from the literature
samples, used in this work.

4.4

Paper: Swift BAT and Fermi GBM SGRB Comparison

We have now defined the measured redshift distribution of BAT SGRBs. Swift BAT
has a smaller FoV relative to other gamma-ray observatories and its FoV for localizing
SGRBs is smaller than for LGRBs due to its triggering methodology (Lien et al.,
2014). In Burns et al. (2016), which the text for this section is from, we investigated
if Swift BAT and Fermi GBM observed the same population of SGRBs. I contributed
most of the analysis and text for this paper.
Abstract:
Compact binary system mergers are expected to generate gravitational radiation detectable by ground-based interferometers. A subset of these, the merger of
a neutron star with another neutron star or a black hole, are also the most popu-
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lar model for the production of short gamma-ray bursts (GRBs). The Swift Burst
Alert Telescope (BAT) and the Fermi Gamma-ray Burst Monitor (GBM) trigger on
short GRBs (SGRBs) at rates that reflect their relative sky exposures, with the BAT
detecting 10 per year compared to about 45 for GBM. We examine the SGRB populations detected by Swift BAT and Fermi GBM. We find that the Swift BAT triggers
on weaker SGRBs than Fermi GBM, providing they occur close to the center of the
BAT field-of-view, and that the Fermi GBM SGRB detection threshold remains flatter across its field-of-view. Overall, these effects combine to give the instruments the
same average sensitivity, and account for the SGRBs that trigger one instrument but
not the other. We do not find any evidence that the BAT and GBM are detecting
significantly different populations of SGRBs. Both instruments can detect untriggered SGRBs using ground searches seeded with time and position. The detection of
SGRBs below the on-board triggering sensitivities of Swift BAT and Fermi GBM increases the possibility of detecting and localizing the electromagnetic counterparts of
gravitational wave events seen by the new generation of gravitational wave detectors.

4.4.1

Introduction

Classification of individual GRBs as short or long can be complicated. The bimodal
T90 distributions of the two classes overlap and there is no clear boundary between the
two populations; therefore, classification based on duration alone is less reliable than
classification based on multiple observational criteria (Zhang et al., 2009). Virgili
et al. (2011) suggest the ensemble of short bursts result from a combination of merger
events and another population of non-merger events. Horvath et al. (2009) postulate
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a third, intermediate class of bursts. Furthermore, there are energy and instrumental
dependencies for both triggering efficiency and measurements of duration (Qin et al.,
2012). Band (2006) suggests that the image trigger algorithms used by Swift BAT
cause it to be less sensitive to SGRBs than a rate trigger, resulting in a decrease in
ability to trigger on SGRBs. This is mitigated in practice by further analysis of rate
triggers on the ground.
The T90 distributions for GRBs reported by the BAT and the GBM teams are
shown in Figure 4.2. The comparison of the respective ratios of LGRB detections to
SGRB detections for each instrument suggests the two instruments are not seeing the
same overall GRB population, as BAT’s ratio of 10 to 1 is double GBM’s ratio of 5
to 1. Determining how reliably instruments classify GRBs as distinct short and long
populations that may have distinct progenitors helps uncover the differences between
these populations and the properties of their gamma-ray emission. We study the
SGRB populations detected by BAT and GBM to determine if the observed longto-short ratios are a result of instrumental factors or if one instrument is seeing a
population to which the other is less sensitive. Our SGRB samples for both instruments start when GBM began science operation on 14 July 2008 and end six and
a half years later on 14 January 2015. Our SGRB sample for GBM is taken from
the FERMIGBRST Catalog2 , hosted on NASA’s High Energy Astrophysics Science
Archive Research Center (HEASARC), which contains all GBM triggered events classified as GRBs. Our GBM sample consists of 250 GRBs with GBM T90 values less
than 2 seconds. Our SGRB sample for BAT is built using the Swift GRB Table and
2

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Figure 4.2: T90 distributions for Fermi GBM and Swift BAT GRBs. The distributions are normalized to unity. It is evident that the total populations differ.

Lookup archive3 and consists of 54 GRBs with listed BAT T90 values less than 2
seconds. This includes those bursts found in ground analysis.
The detection of gravitational waves would be a breakthrough in physics. The
association of SGRBs with mergers of compact objects has important consequences
for the detection of electromagnetic radiation associated with GW radiation (Bloom
et al., 2009; Palenzuela et al., 2013). NS-NS mergers and NS-BH mergers are expected to emit gravitational waves during the inspiral phase of the collapse into a
black hole (Hughes, 2009) in the frequencies detectable with the upcoming Advanced
3

http://swift.gsfc.nasa.gov/archive/grb_table/
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LIGO/Virgo detectors. A GW candidate with an associated SGRB would significantly strengthen the GW candidate as a true detection, in addition to confirming
mergers as the source of SGRBs. If these merger events are the progenitors of SGRBs
then we can estimate how many joint SGRB-GW candidates to expect between the
Advanced LIGO/Virgo experiments and the GRB detectors active in the Advanced
LIGO/Virgo era. Such estimates (e.g., Siellez et al. 2013) rely on the observed redshift
distribution of SGRBs being an unbiased and uncontaminated sample in order to determine how many SGRBs occur within the expected detection horizon of Advanced
LIGO/Virgo. The number of SGRBs with known redshift is small, and nearly all of
them are Swift bursts. Contamination of this SGRB sample with non-merger events
would corrupt this distribution and the associated predictions based on SGRBs with
known redshift.
In Section 4.4.2 we describe GBM SGRBs as viewed by the BAT, investigate if
BAT could have observed more of these GRBs, and whether we can find evidence for
these bursts in the BAT data. Section 4.4.3 we describe the complementary search for
BAT SGRBs in GBM. Section 4.4.4 investigates bursts with different duration classifications between instruments as well as detection differences for additional bursts
which can be classified as short under different selection criteria. We discuss the
broader implications of our findings in Section 4.4.5 and summarize our conclusions
in Section 4.4.6.
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4.4.2

The GBM SGRBs as viewed by Swift BAT

Within our sample time the GBM triggered on 250 GRBs that have GBM T90 values
less than 2 s, henceforth referred to as GBM SGRBs. Of these 250 GBM SGRBs
the Swift BAT detected 28, with the BAT triggering on-board for 22 of the 28. The
6 bursts found in ground analysis are GRBs 150101B, 141205A, 140402A, 120817B,
101129A, and 100216A. GRB 150101B was recovered from BAT slew data (Cummings
et al., GCN 17267), GRB 101129A was a sub-threshold source on-board (Cummings
et al., GCN 11436), while GRBs 141205A, 120817B, and 100216A were not found
on-board (Cummings et al., GCNs 17137, 13692, and 10428, respectively). GRB
140402A was a marginal BAT source (Cummings et al., GCN 16071) despite being
seen as a bright burst by GBM and occurring in a highly coded position. In contrast,
the BAT found 219 of the 1524 GBM LGRBs in the same time period, a proportional
detection rate increase of nearly 30%.
In order to determine the minimum partial coding necessary to detect SGRBs
we show in Figure 4.3 the cumulative fraction of triggered BAT SGRBs as a function of
partial coding, with partial coding values taken from GCN circulars. No BAT SGRBs
found on board have been observed with a partial coding < 10%. The lowest partial
coding value for a triggered SGRB is 16% for the bright GRB 090510. The next lowest
is 24%. The ground detected GRB 120817B is the only BAT SGRB detected at a
location with less than 10% partial coding. It was an exceptionally bright SGRB that
was well localized independent of Swift by the Interplanetary Network. As neither of
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Figure 4.3: The cumulative fractional detection of triggered BAT GRBs as a function
of partial coding values. The BAT is more sensitive to LGRBs than SGRBs at lower
partial coding values. The LGRB line closely tracks the line for all GRBs.

these conditions apply to the majority of GBM SGRBs, we impose a value of 10%
partial coding as a necessary minimum value for Swift BAT to detect a SGRB.
We determined the exposure of BAT to GBM SGRBs by examining the region
of the sky BAT was observing at GBM trigger time. An exact 10% partial coding
contour can be pulled from partial coding maps created from BAT survey or event
data, the types of data BAT collects when outside of the South Atlantic Anomaly
(SAA), not in safehold, and not slewing (though Swift sometimes takes event data
during slew). When the true partial coding maps are not available we use an approx-
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imated 10% partial coding contour that is averaged from 14 real partial coding maps
from our sample time. For these cases we use the continuous attitude files (Hans
Krimm, private communication) to determine the pointing and roll of Swift which
allow us to map the approximate 10% partial coding contour onto the sky. In the few
cases where a GRB occurred in a time not covered by these attitude files we obtain
the necessary information from the Swift Observation Log4 , which is not as easily
accessed in a machine readable format. In all cases (both real and approximated 10%
partial coding contours), we use the attitude files to obtain the operation flags at
GBM trigger time to determine if the spacecraft was in SAA, safehold, or slewing.
Over the course of Swift’s mission the average number of active BAT detectors has
decreased5 . Despite this, the area contained within the 10% partial coding contour
is fairly constant over our sample time, with an average 1.96 sr FoV.
We find the maximum angular offset of the 10% partial coding contour from
the center of the BAT FoV is always less than 57 degrees. Our first step in checking
the exposure of BAT to GBM SGRBs was a rough cut based on the center of the
GBM localization and the maximum angular offset from the BAT boresight to the
10% partial coding contour. Since GBM can always locate bursts to one hemisphere
of the sky the absolute maximum offset from the center of the GBM localization
to the true location is 90 degrees. The first cut removed those GBM SGRBs whose
GBM localization center is more than 147 degrees (the maximum 10% partially coded
position offset from the BAT boresight added to the maximum 90 degree localization
4
5

http://www.swift.psu.edu/operations/obsSchedule.php
http://www.ioffe.ru/LEA/grb2014/pres/02-Sakamoto.pdf
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error) from the BAT boresight at trigger time, the sum of these two maximum distances. This removed 18 GBM SGRBs. The second cut removed any GBM SGRB
with a localization center further than five times the quadrature sum of the 1-sigma
statistical error with a five degree systematic error to account for asymmetric localization contours; the five degree systematic is conservative as the average systematic
uncertainty at 68% confidence is 3.7 degrees (Connaughton et al., 2015). This second
cut removed a further 72 GBM SGRBs. Therefore, at least 90 GBM SGRBs from
the total sample of 250 were not observable by BAT.
The exposure of BAT to the remaining 160 GBM SGRBs was refined by calculating the fractional overlap of the GBM localization contours with the 10% partial
coding contours of BAT at the time of trigger. This sample of 160 includes the
28 GBM SGRBs that were also detected by BAT on-board or in ground analysis.
The probability of a GBM SGRB’s true location lying within the BAT 10% partially coded FoV was calculated by summing the fractional overlap of the 1, 2, and 3
sigma contours multiplied by the probability of the true location being within each
respective contour (68.27%, 95.45%, and 99.73%, respectively) and adding the remainder (0.27%) multiplied by the fraction of the 3 sigma contour within the 10%
partial coding contours. The results from this investigation are given in Table 4.2.
The localization contours are a recent development by the GBM team and it was
necessary to redo the localization to generate the contours. In some cases we found
the new localization was significantly different from the original GBM localization,
usually due to the original location being found with an earlier version of the localization algorithm. We consider the new locations to be more reliable and use them in
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Table 4.2: GBM SGRBs as viewed by BAT. A GRB name is given only for bursts
which were also seen by BAT. The area is the percent of the GBM localization contours
with the 10% BAT coded FoV. The flags are the operating flags of BAT.
GRB Trig.
or Name
150101B
150101A
141230871
141208632
141205A
141202470
141126233
141113346
141111435
141105406
141102112
141031998
141020439
141011282
140831215
140807500
140724533
140720158
140710537
140624423
140619490
140616165
140610487
140605377
140526571
140518709
140511095
140501139
140402A
140209A
140129499
140110411
140109771
131217108
131128A
131006367
131004A
130912A
130802730
130716A

Area
(%)
93.9
56.6
0.0
0.2
91.9
22.9
55.3
12.2
0.0
100.0
0.5
0.0
0.0
0.0
31.6
0.0
87.2
0.0
0.0
99.2
0.0
12.8
4.9
5.5
20.3
0.0
15.2
46.3
100.0
100.0
5.4
0.0
13.5
0.0
89.3
86.1
98.3
24.4
4.6
99.3

Op.
Flag
Slew
Slew
SAA
Slew
Slew
SAA
Slew

Slew

SAA
SAA
Slew

Slew

SAA

GRB Trig.
or Name
130706900
130705398
130626452
130626A
130515A
130504314
130503214
130416770
130404877
130307126
130219626
130127743
121127914
121124606
121112806
121004211
120916085
120831901
120822628
120817B
120805706
120727354
120701654
120616630
120612687
120608489
120524134
120509619
120429003
120415891
120410585
120327418
120314412
120302722
120222021
120212353
120205285
120129312
120101354
111222619

Area
(%)
0.0
0.3
86.2
0.0
100.0
0.7
9.2
0.0
0.0
0.0
5.4
1.1
10.4
4.1
0.0
0.0
0.0
0.1
91.7
12.2
0.0
0.0
18.3
0.0
0.0
0.4
0.0
97.5
9.0
0.0
0.0
0.0
0.0
0.0
0.6
0.0
0.0
0.6
0.9
0.0

Op.
Flag
SAA

Slew
SAA
Slew
SAA
Slew
SAA

SAA
SAA
SAA
SAA

Slew

GRB Trig.
or Name
111207512
111117A
111103948
111024896
111022854
111001804
110916016
110728056
110705151
110605780
110529034
110509475
110422029
110420B
110409179
110213876
110131780
101224A
101216721
101208203
101204343
101129726
101129A
101119685
101031625
100811108
100805300
100722291
100719311
100629801
100625A
100616773
100516396
100411516
100301068
100223110
100216A
100208386
100206A
100204858

Area
(%)
0.0
99.8
16.3
0.0
0.0
0.5
2.4
0.0
85.0
0.0
0.2
26.0
41.9
93.0
0.0
4.1
0.0
80.5
0.0
0.0
62.0
0.7
35.9
1.6
0.1
0.0
2.3
0.0
0.0
0.0
100.0
0.0
20.7
0.0
0.0
3.0
99.9
5.2
50.4
0.0

Op.
Flag

SAA
Slew
SAA
Slew
SAA
Slew
SAA

SAA

SAA

SAA
SAA

GRB Trig.
or Name
100117A
091224373
091223191
091122163
091012783
091006360
090927
090909854
090819607
090717111
090621B
090620901
090616157
090531B
090510
090429753
090427644
090412061
090405663
090308734
090206620
090126245
081230871
081229187
081226509
081226A
081216531
081213173
081209981
081204517
081115891
081113230
081102365
081101
081024891
081024A
080905A
080802386
080725541
080723913

Area
(%)
99.9
0.0
7.6
80.4
0.0
0.0
88.4
0.0
1.2
3.5
99.5
0.0
0.0
100.0
41.6
100.0
0.0
0.0
16.6
0.1
0.0
0.0
0.0
0.0
100.0
70.8
0.0
0.6
0.0
6.3
0.0
59.1
0.0
22.8
0.2
97.3
98.8
0.0
14.5
0.0

Op.
Flag

SAA

Slew

Slew

Slew
SAA
SAA

this analysis. All GRBs in the GBM online catalogs will be updated with these new
locations and contours.
We measure the uptime of Swift BAT using the operation flags from the Swift
attitude files, counting all slews as downtime. BAT uptime during our six and a half
year sample is 75.8% of the total time; Swift is in SAA 13.0% of the time, slewing
12.9% of the time, and in safe hold 0.1% of the time (with some overlap among
the three). With a 1.96 sr average field of view for partial coding values greater
than 10% and 75.8% uptime, BAT has a total time averaged observable sky fraction
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of 11.8%. The corresponding value for GBM is 59.8%, obtained by examining the
position history files over one spacecraft orbital precession period and removing times
during SAA passage and times when a location is occulted by the Earth. Taking
the 250 SGRBs detected by GBM and multiplying by the ratio of the total time
averaged observable sky fraction (250 times 11.8% over 59.8%) implies an expected
49 SGRBs should be detected by the BAT above the GBM triggering threshold in
our six and a half year sample. BAT actually detected, through a combination of
on-board triggering and ground analyses, 54 SGRBs in this time, but as one was
outside of the 10% partially coded region (120817B), and one occurred during slew
(150101B), we get an actual count of 52 BAT SGRBs after applying the same selection
criteria. The consistency of the calculated and observed number of SGRBs implies
the average sensitivity of the BAT to SGRBs out to 10% partial coding is similar to
the average sensitivity of GBM.
We expect 39 of the SGRBs detected by GBM to have occurred within BAT’s
FoV over our time sample (250 times the 1.96 sr field of view of BAT divided by the
total area of the sky). This agrees with the 38 SGRBs expected from the sum of
the areas of GBM localization contours within the 10% partial coding, confirming we
obtain an accurate approximation using our method. Removing the times that Swift
is in SAA, slewing, or in safehold, which is 24.2% of the time, we expect BAT to have
detected 29 or 30 GBM SGRBs. Of the 28 GBM SGRBs BAT did detect, one occurred
during slew, so that the actual number of joint detections under these criteria is 27.
Applying the same duty cycle criteria to the sum of the GBM localization overlap
fractions gives 30 expected detections. Again, the predicted number of joint detections
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is similar to the observed number, implying that not only is the BAT detecting SGRBs
at the same average sensitivity as GBM, but it is detecting the same population of
SGRBs.
For the 57 GBM SGRBs that have non-zero GBM localization contour overlap
with BAT’s 10% partial coding contours, and occurred during times that BAT could
have collected event data (BAT uptime or slew time), but on which BAT did not
trigger, we checked for evidence of the SGRBs in the BAT 64 ms lightcurves (David
Palmer, private communication). BAT can observe bursts outside of its partially
coded FoV but it cannot localize them; bursts in this region are not reported as
detections by the BAT team. 14 of these 57 GBM SGRBs show no evidence of a
burst in the BAT lightcurve. 13 of these 14 GBM SGRBs have more than a 90%
chance of having the true location outside of the BAT 10% partially coded field
of view, and have a significant chance of being outside BAT’s entire field of view.
The only exception is 140724533 which has an 87% chance of occurring within the
10% partially coded BAT FoV and only a small chance of occurring outside of the
total BAT FoV. It is a very weak burst with very poor localization. The centroid
of the localization is between two local minima, with the selected minimum strongly
dependent on a user-selected source interval, the second being outside the BAT FoV.
The other 43 GBM SGRBs are visible in the BAT lightcurves.
We examine the event data covering the GBM trigger time for 41 of the 43
GBM SGRBs visible in the BAT lightcurve but for which a detection was not reported.
When Swift BAT detects a rate trigger increase but fails to find a significant source
in an uncatalogued location it collects either 3 or 10 seconds of event data (depending
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Table 4.3: Event information for GBM SGRBs untriggered in BAT. We list the GRB,
the event start time relative to GBM trigger, and the total number of seconds during
this event file. We also report the highest SNR within the GBM contours. Event
information is not given for cases where the processing script did not complete and
report an SNR > 4.0. Here, and elsewhere, GBM GRBs are labeled as YYMMDDxxx
where xxx is the fraction of the day.
GRB
141202470
141126233
141113346
141105406
140616165
140605377
140526571
140511095
140501139
140129499
140109771
131006367
130504314
130416770
130219626
130127743
120822628
120701654
120608489
120509619
120222021
120129312
120101354
111001804
110705151
110509475
110213876
101204343
101129726
100805300
100223110
091223191
091122163
090429753
090405663
090308734
081226509
081213173
081204517
081113230
080725541

Flag
Slew
Slew
Slew
Slew

Event Data Start [s]

Event Data Total [s]

SNR max

-1.84
-54.78

10.08
183.33

4.8
5.5

-2.1

10.08

4.1

0
0.05

3.13
3.13

5.6
5.5

-2.5

10.06

6.0

-2.51

10.08

4.6

-1.24

10.04

5.4

-1.3
-2.19

10.07
10.1

5.1
5.2

-1.74

10.08

4.4

-5.94
-2.66
0.57

120.08
10.06
3.12

5.8
5
5.5

-2.37
-2.28

10.12
10.02

6.3
5.3

-2.63

10.1

7.5

-0.33
0.69
-1.25
-1.97

3.06
3.06
10.05
10.08

4.3
5
5.1
6.1

Slew

Slew

Slew
Slew

Slew
Slew

on whether the rate trigger was due to a slow or fast algorithm), referred to as failed
event data. Most of these 41 GRBs occurred during failed event data, but a few
occurred while BAT was collecting data for previous, unrelated triggers. If they
occurred during failed event data and the failed event data starts close to the GBM
trigger time then it is likely the rate increase was caused by the GRB. The results
from a search of the event data for these 41 GBM SGRBs are given in Table 4.3.
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We run the HEASOFT6 script batgrbproduct7 on these 41 GBM SGRBs. We
first ran a blind search (no location seed), using trigger start and stop times (all input
times for this script are in Swift’s on-board Mission Elapsed Time MET) from visual
inspection of the BAT lightcurves, and set the background start and stop times at
10 and 0.256 seconds before our input trigger start time. We visually inspected the
lightcurve instead of adopting a more systematic method as the different binning in
time and energy for the lightcurves of each instrument, the drift of Swift’s on-board
clock, and the non-negligible, variable light travel time between the two spacecraft
all contribute to making automation difficult. We select the trigger start time as
the first 64 ms bin clearly above background and the trigger stop time as the return
to background after the last peak evident in the BAT lightcurve, using the GBM
lightcurve as a guide.
GRB 140402A has the lowest SNR for a reported detection of a SGRB at 6.0,
with a location consistent with the sub-degree location reported by the Fermi Large
Area Telescope (LAT). However, we note that the lowest SNR for a burst that was
best localized by only GBM (which had the entire reported GBM localization within
the BAT FoV) is 100216A with a ground analysis SNR of only 6.8 (Cummings et
al., 10428). For those bursts with promising SNR regions, which we take as those
positions with values above 5.5 that occur within the GBM localization contours,
we further refined the analysis by varying the input times using the lightcurve as a
guide. We set the minimum SNR for a possible location to be the true GRB at 6.0,
6
7

http://heasarc.nasa.gov/lheasoft/
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/batgrbproduct.html
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but note this is not sufficient to claim a significant detection as we do not calculate
the probability these locations are due to chance coincidence.
We find a few GBM SGRBs have positions with SNRs above 6.0 within the
GBM localization contour, with the BAT lightcurves for that position consistent with
the GBM lightcurves. The most promising signal of any GBM SGRB is for 090405663,
with an SNR of 7.5, achieved by widening the source selection interval. We do not
calculate the significance of these detections but we note that sub-threshold SGRBs
in the BAT data likely exist, with localizations that are more accurate than GBM can
achieve. Further investigation could refine the minimum SNR necessary to separate
true signals from chance coincidence.

4.4.3

The BAT SGRBs as viewed by Fermi GBM

Within our 6.5 year period, the Swift BAT detected 54 GRBs which it classified as
short under the standard T90 threshold of 2.0 seconds, henceforth referred to as BAT
SGRBs. Of these 54 BAT SGRBs Fermi GBM triggered on 22. There are two reasons
that prevent the GBM from observing a burst position at a specific time: occultation
of the burst by the Earth and the passage of the Fermi spacecraft through the SAA.
We use the position history files accessible through the FERMIGDAYS catalog8 to
determine whether a BAT SGRB occurred during Fermi passage through the SAA
or was occulted by the Earth at trigger time. Objects within 68 degrees of Earth
center from Fermi ’s point of view are considered to be occulted by the Earth. This
simplification ignores the variability in the height of the Fermi spacecraft and the
8

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigdays.html
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Table 4.4: BAT SGRBs as viewed by GBM. List of all BAT SGRBs within our time
window with the GBM trigger number if it was also detected by the GBM. If the
trigger wasn’t found by GBM then it was checked if the location was occulted by the
Earth, occurred during transit of the SAA, and if it was neither then the trigger was
missed. E.O. stands for Earth Occulted.
SGRB
150101B
150101A
141212A
141205A
140930B
140903A
140622A
140611A
140606A
140516A
140414A
140402A
140320A
140129B
131004A
130912A
130626A
130603B
130515A
130313A
121226A
120804A
120630A
120521A
120403A
120305A
120229A

GBM Trig.
150101641
150101270

E.O.

S.A.A.

Missed

x
141205337
x
x
x
x
x
x
x
140402007
140320092
x
131004904
130912358
130626452
x
130515056
x
x
x
x
x
x
x
x

SGRB
111126A
111117A
111020A
110420B
110112A
101224A
101219A
101129A
100724A
100702A
100628A
100625A
100206A
100117A
091109B
090815C
090621B
090515
090510
090426
090417A
090305A
081226A
081101
081024A
080919
080905A

GBM Trig.

E.O.

S.A.A.
x

Missed

111117510
x
110420946
x
101224227
x
101129652
x
x
x
100625773
100206563
100117879
x
x
090621922
x
090510016
x
x

x
x

081226044
081101491
081024245
x
080905499

non-spherical shape of the Earth, but this does not affect our analysis as no BAT
SGRB occurred between 67 and 69 degrees from the center of the Earth, which is a
wider margin of error than necessary for these uncertainties. Of the 32 BAT SGRBs
on which GBM did not trigger, 17 were occulted by the Earth and 9 occurred while
Fermi was in the SAA. As one burst was both Earth occulted and occurred during
SAA transit, there are 7 BAT SGRBs that were observable by GBM but did not
trigger GBM. A summary of this search is given in Table 4.4.
The GBM does not have equal sensitivity across the unocculted sky. In order
for the Fermi LAT to achieve uniform exposure of the sky the satellite rocks the
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pointing between orbits. The GBM NaI detectors decrease in sensitivity as the angle
from detector normal increases. The GBM team considers a given location adequately
viewed by an NaI detector if it occurs above a detector response fraction of half of
maximum, which occurs at 60 degrees (Paciesas et al., 2012). The GBM NaI detector
placements were designed to optimize the unocculted full-sky coverage given a rocking
angle close to the zenith. The original rocking profile was 35 degrees north (relative to
the local zenith) for one orbit, then 35 degrees south for one orbit. Due to spacecraft
thermal considerations Fermi gradually increased the rocking angle until settling on
a rocking angle of 50 degrees. This has resulted in a portion of the sky, far from the
LAT boresight, that has proportionally lower coverage by the GBM.
To search for sub-threshold signals in GBM data we use a new ground based
search that is more sensitive than the on-board triggering algorithms. On-board
triggering requires the count rates in the second brightest NaI detector to exceed a
simple background model (average count rate over a moving 17 second time window)
by 4.5−5.5σ on one or more time-scales from 16 ms to 4.096s. The ground search finds
weaker GRBs by using a non-parametric fitting algorithm to model the background
over longer timescales and uses a lower signal threshold. The ground search identifies
GRBs that have significant signal in only one detector and those in which multiple
detectors view the GRB but the significance of the second brightest detector does not
reach the on-board triggering requirements. In each of these cases, false positives are
eliminated by requiring that the relative rates in the 12 NaI detectors be compatible
with an astrophysical origin. This test involves feeding the background-subtracted
rates into our source localization software and applying a χ2 cut to the best fit, as
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described in Connaughton et al. (2015). We estimate that the ground search can find
GRBs 1/3 as bright as the faintest triggered SGRB, resulting in a doubling of the
SGRBs detected by GBM.
We used this algorithm to search for evidence of these 7 BAT SGRBs, those
that were observable but did not trigger GBM, in the GBM time-tagged-event (TTE)
data, or continuous time (CTIME) data (see Meegan et al. 2009 for more information
on GBM data types). BAT SGRBs more recent than November 2012 were processed
using continuous TTE data, while for older bursts we were limited to daily CTIME
data (as continuous TTE data is not available prior to November 2012). We use TTE
data when available because its finer time resolution is better matched to the shortest
GRBs than the native 0.256 s binning of CTIME.
We find 4 of these 7 BAT SGRBs are detected and 3 are not detected, as
shown in Table 4.5 which places the BAT SGRBs in context with the overall SGRB
population detected by the BAT. The brightness and hardness percentiles are derived
from the sample of all Swift BAT SGRBs. Every BAT SGRB that did not trigger
GBM occurred in a position in the BAT FoV that was at least 50% coded, where
BAT is most sensitive to weaker events. Table 4.5 also includes the offset angle from
the LAT boresight, the number of GBM NaI detectors that were viewing the burst
location, and the two lowest observation angles from NaI detector normal. We exclude
all detectors whose view was obstructed by the LAT or the spacecraft.
In order to explore the possibility that these 7 BAT SGRBs represent a special
class of BAT SGRBs we qualitatively investigate their duration, fluence, flux, power
law index, and partial coding values as compared to the rest of the BAT SGRB
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Table 4.5: The seven BAT SGRBs untriggered in GBM. No T90 error is greater than
0.3 s, placing them all firmly in the SGRB category. The percentile rankings are
calculated from the sample of all BAT SGRBs. The average spectral power law index
for a BAT SGRB is 1.23. Both measures of brightness are in the 15-150 keV band.
The peak flux is the 1-second peak photon flux which is not ideal for short bursts but
gives an estimate of the GRB brightness. The number of NaI detectors refers to the
number of GBM NaI detectors that have the burst location within their FoV, and
the numbers in parentheses are the two lowest detector angles. Strong signals are
for SGRBs that GBM could claim detection alone while weak signals denote SGRBs
that GBM would claim detection only if the the SGRB was also detected by another
instrument.
BAT
GRB
T90 Fluence Peak Flux
(Name) (sec) (%ile)
(%ile)
140606A 0.34
34.1
6.7
120403A 1.25
61.0
40.0
140516A 0.19
8.5
6.7
090305A 0.40
52.4
64.0
140129B 1.36
47.6
28.0
110112A 0.50
14.6
6.7
090815C 0.60
28.0
16.0

PL
Partial
Index Coding
0.53
86
1.64
50
1.87
75
0.86
50
2.23
100
2.14
87
0.90
76

LAT offset
(degrees)
91
71
31
97
14
135
116

GBM
# of NaI Ground
detectors (signal)
3 (18, 49) Strong
3 (32, 33) Strong
3 (18, 31) Weak
1 (39, 69) Weak
3 (33, 53)
None
1 (45, 66)
None
1 (43, 86)
None

sample. The T90 values are neither systematically short or long, the fluence percentiles
are fairly distributed, the power law indices are among the lowest and highest of the
overall BAT SGRB power law index distributions, and the partial coding values are all
above half, but this is not extremely high when compared to the total partial coding
distribution for BAT SGRBs. The only observational quantity that appears to be
systematically different from the full distribution is the peak flux, as only one of the
seven values is above the total sample median. With a larger sample we might draw
some statistically significant conclusions about these properties other than saying
qualitatively that the SGRBs undetected by GBM appear to be weaker but otherwise
similar to the overall BAT SGRB sample.
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Looking at these 7 BAT SGRBs individually: GRB 140606A did not trigger
GBM due to low peak flux. GRB 120403A is a SGRB of average brightness but did
not trigger GBM. The lightcurve shows a relatively flat profile; GBM may not have
triggered due to the lack of an impulsive spike given that GBM’s sensitivity to SGRBs
is derived from its short triggering windows. GRB 140516A is exceptionally weak,
with both brightness measures in the bottom tenth for BAT SGRBs. These three
bursts were sub-threshold for an on-board trigger but were found in ground based
searches due to favorable viewing geometry. GRB 090305A was a high peak flux
GRB that was also found in ground analysis despite being well viewed in only one
detector. That lack of an on-board GBM trigger is explained by triggering requiring
two detectors significantly above background. GRBs 110112A and 090815C were both
favorably viewed by only one NaI detector but were not found in the ground analysis
due to being weak bursts. They might be recoverable with finer time resolution data,
but we lack the TTE data at the times these bursts occurred. GRB 140129B has an
average fluence, modest brightness, and favorable geometry to GBM but the ground
based search finds no signal. We can clearly see the burst in the GBM daily data,
but only below 50 keV. As the ground based search is optimized for the 50-300 keV
range we would not expect it to find this burst.

4.4.4

Different Duration Classifications

In addition to lack of detection, disagreement in classifications of bursts into the
short or long class can also bias the respective SGRB populations. Again, we cannot
calculate absolute misclassification, only the relative disagreements in classification
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between instruments. Due to the statistical uncertainties in the measurement of T90
we would expect some disagreement.
Four of the GBM SGRBs that also triggered the BAT were classified as long
by BAT. These are GRBs 090927 and 131128A (with BAT T90 values of 2.2 ± 0.4 and
3.0 ± 1.41, respectively), which are consistent with a short classification within the
duration measurement error, and GRBs 090531B and 140209A, which are suggested
to belong to the class of SGRBs with extended emission as described in Gehrels et al.
2007 (with BAT T90 values of 80 ± 23 and 21.3 ± 0.8, respectively). The only BAT
SGRB classified as long by GBM (140320A) has a GBM T90 of 2.30 ± 1.52 s, which
is consistent with a short classification within errors. Therefore, the disagreement
in short or long classification between instruments is likely to be due to statistical
chance and is within T90 error except when the burst is thought to be a SGRB with
extended emission. As noted in the introduction, the duration of bursts tend to be
longer at lower energies. This does not appear significant enough to cause BAT to
classify some bursts as LGRBs that GBM classes as SGRBs.
For completeness we conducted additional searches for bursts that may be
believed to belong to the short population under different selection criteria. The
first additional search was for bursts thought to be SGRBs with extended emission.
Our sample consisted of GRBs 090531B, 090915, 090916, 110402A, and 111121A.
GBM triggered on, and classified as short, GRBs 090531B and 140209A. Evidence
for the extended emission for these two bursts is not found in GBM data due to the
soft, weak extended emission being indistinguishable from background. GBM also
triggered on GRBs 090915 and 110402A which have GBM T90 values longer than 2
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s, suggesting GBM also found the extended emission which was included in the T90
interval. GBM did not trigger on GRBs 090916 and 111121A due to either SAA
passage or occultation by the Earth.
The second additional search was for those GRBs with a BAT T90 below 3
th
(Gehrels et al., 2007). This provides
seconds, as has sometimes been used as the T90

13 additional bursts of which 5 triggered GBM on-board and 4 were unobservable due
to Earth occultation or SAA transit. Of the 5 that triggered both instruments one
is classified by GBM as a SGRB, 3 of the others have T90 values with error bars that
overlap the 2.0 s threshold, and the last is classified as a long GRB with a GBM T90
of 2.624 ± 0.326 s. Four bursts were observable by GBM but did not trigger GBM.
Three were subsequently found in a ground analysis using CTIME data (two with
strong signals, the other with a weak signal). The remaining burst occurred near the
start of a bright solar flare and was not found in CTTE data.
The last additional search was for bursts that have GCN reported T90 values
under 2 seconds but do not have T90 values listed in the Swift GRB Table and Lookup
Archive. This can be due to bursts being found in ground analysis for which BAT
cannot find a reliable T90 , or bursts with observation limitations. GRBs 100216A,
120817B, and 130716A triggered GBM and have GBM T90 values less than 2 seconds.
GRBs 100224A and 130822A did not trigger GBM but both occurred during either
SAA passage or were occulted by the Earth. Therefore, our results for the standard
SGRB duration selection criteria also apply to the bursts covered by these three
alternate selection criteria.
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4.4.5

Discussion

Swift BAT detected 22 GBM SGRBs on-board and 6 on the ground. In this analysis
we identify a few additional GBM SGRBs that were possibly observed by BAT. The
Swift BAT team’s ground search is therefore capturing the majority of SGRBs that
fail to trigger BAT, down to GBM’s sensitivity. There does appear to be a deficit
of SGRBs detected by BAT as compared to LGRBs at partial coding values below
80% but this deficit arises mostly from BAT missing SGRBs below the triggering
threshold of GBM. The large difference between BAT and GBM in the ratios of
LGRB and SGRB detections is due to the BAT’s relative increased sensitivity to
LGRBs.
Swift BAT detects weaker short bursts than GBM, when they occur in BAT’s
highly partially coded region. The average BAT sensitivity out to 10% partial coding
is close to the average GBM sensitivity for SGRBs so that the ratio of GBM to BAT
total SGRB detections directly reflects their sky coverage ratio.
As there are 22 BAT SGRBs that triggered both instruments and 7 observable
BAT SGRBs that did not trigger GBM, GBM’s on-board trigger algorithm misses
around 1 in 4 of the SGRBs detectable by BAT. We find evidence in GBM data for
four of these bursts in a more sensitive ground analysis. Therefore, our ground-based
analysis can currently recover more than half of the BAT SGRBs on which GBM does
not trigger in a seeded search and the GBM cannot find evidence for fewer than 10%
of the total BAT SGRB population. This non-detection rate is even lower now with
the availability of continuous TTE for the ground search. Seeding the search allows
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for the detection of more sub-threshold SGRBs, as those bursts with weak signals
in Table 4.5 were not strong enough in GBM to claim independent discovery. As
these all occurred above 50% partial coding, both instruments are missing some weak
short bursts, the BAT in its region of low partial coding and the GBM for weaker
bursts across its FoV, particularly those viewed with favorable geometry by only one
detector.
Bromberg et al. (2013) hypothesize that BAT’s sensitivity to low fluence GRBs
has two effects on the BAT T90 distribution: (i) the BAT sees many weak LGRBs that
are not detectable by GBM, making the short-to-long ratio lower for BAT than in
GBM and (ii) the low fluence LGRB population contaminates the SGRB population,
meaning the long end of the SGRB population has significant numbers of non-merger
events that are the short end of the LGRB population of collapsars. The paper defines
th
that are actually due to
the contamination rate as the percent of bursts below a T90
th
collapsars. Using the standard T90
of 2 s they give the contamination rate of the

GBM SGRB sample as around 15% and the contamination rate of the BAT SGRB
th
sample as about 40%. They suggest a T90
of about 0.8 seconds for the BAT sample

will reduce the contamination and yield an SGRB sample that has a similar fraction
of merger (or non-collapsar) events to that detected by GBM. We find that of the 7
SGRBs detected by BAT that did not trigger GBM, 5 have a combination of poor
geometry to GBM and low peak flux. These 5 all have BAT T90 values less than their
th
suggested T90
of 0.8 seconds. This leaves only two bursts that would be excluded

by the 0.8 s T90 cut and that might be considered contamination of the BAT SGRB
sample above the contamination levels of the GBM SGRB population. That 2 of
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the 29 SGRBs detected by BAT might be non-merger events is not compatible with
the hypothesis of Bromberg et al. (2013) that 40% of the SGRB BAT sample is nonmerger contamination compared to only 15% of the GBM sample; therefore, imposing
the 0.8 s cut on T90 will remove many genuine merger candidates without significant
purification of the sample of merger events. This has important implications when
considering the redshift distribution of SGRBs.
Figure 4.4 and Figure 4.5 shows there is no redshift dependence on brightness
of SGRBs, especially for weak bursts; therefore, the seven BAT SGRBs that were not
detected by GBM were not particularly far away. The redshift distribution from BAT
SGRBs is likely to be as good a representation of the underlying GBM SGRB redshift
distribution as it is for the underlying BAT SGRB redshift distribution. Additionally,
we note that extremely close events are not necessarily bright. The closest SGRB with
a confirmed redshift is 150101B which has a fluence among the weakest of BAT SGRBs
with redshift measurements. In fact, only 8.5% of all BAT SGRBs have lower fluence
than 150101B. In GCN 17267 it is suggested that GRB 150101B is an unusually soft
event in BAT data. We do not find this to be the case when looking at the GBM data.
The event is too weak for a constraining spectral fit but the count rates are peaked
in the 100-300 keV range typical for SGRBs (many LGRBs are peaked in the 50-100
keV range). GRB 150101B was detected by BAT while BAT was slewing and it is
possible that this, combined with the unusually weak fluence, led to the disagreement
in spectral results between BAT and GBM. Therefore, the ground based searches for
both instruments that pick up sub-threshold events may discover untriggered SGRBs
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Figure 4.4: Fluence values for Swift BAT SGRBs vs redshift. The fluence values are
in the 15-150 keV range. This sample has been updated since the original publication.
The redshift axis is logarithmic to separate the GRBs for visual purposes; it is not a
logarithmic variable.

within the Advanced LIGO/Virgo horizon that would otherwise go undetected and
unassociated with GW candidate discoveries.

4.4.6

Conclusion

We conclude that the Swift BAT and the Fermi GBM are observing the same SGRB
populations. There are some missed detections but these are almost entirely due
to those GRBs occurring in poorly viewed regions for the instrument that missed
them and well viewed regions for the instrument that detected them. We have shown
that Swift BAT, through a combination of on-board algorithms and ground-based
analysis, detects nearly all SGRBs above the Fermi GBM trigger threshold within its
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Figure 4.5: 20 ms peak flux values for Swift BAT SGRBs vs redshift. The peak
flux values are in the 15-150 keV range. This sample has been updated since the
original publication. The redshift axis is logarithmic to separate the GRBs for visual
purposes; it is not a logarithmic variable.

10% partially coded FoV. BAT detects SGRBs below GBM’s triggering threshold in
its fully-coded FoV, suggesting more bursts could be recovered from locations at lower
partial coding values. We find that GBM’s new ground-based analysis is capable of
recovering a large fraction of the SGRBs that failed to trigger GBM down to BAT’s
optimal sensitivity, particularly with the availability of CTTE since November 2012.
The 4 SGRBs found in GBM data for the first time as a result of this analysis show the
promise of this new technique for finding additional SGRBs. We also find that while
BAT is detecting nearly all SGRBs down to GBM’s sensitivity it may be possible for
them to find evidence for more SGRBs in their data, for example 090405663. We
find that both instruments can detect more SGRBs when seeded with the time and
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location of a detection from another instrument. This is particularly important when
considering searches of GBM and BAT data for events in coincidence with Advanced
LIGO/Virgo gravitational wave candidates.
The nature of SGRB progenitors is still uncertain, though compact binary
mergers are becoming more convincing with the association of SGRBs with older
stellar populations and the recent possible detections of kilonovae associated with
GRBs. We have shown that the SGRB populations detected by Swift BAT and Fermi
GBM are similar. The redshift distribution of Swift SGRBs is better characterized,
but Fermi GBM detects nearly five times as many SGRBs, making a joint EM-GW
detection more likely to occur with GBM. Our analysis shows that we can confidently
use the redshift distribution of the SGRB population detected by Swift to calculate
the expected numbers of SGRBs detected by both Swift and by GBM within the
Advanced LIGO/Virgo horizon.

4.5

Expected Joint LV-GBM Detection Rate

In the preceding sections we have defined a sample of measured redshift distribution
for Swift BAT SGRBs, shown that GBM and BAT are observing the same population
of SGRBs, and these instruments mostly classify identical bursts to the same population (short or long) based on prompt emission alone. Estimating a joint detection rate
is further complicated by the uncertainty in the sensitivity the Advanced GW IFOs
will achieve, and if they will be optimized for NS-NS detections. Additionally, a joint
detection allows for a lowering of the required LIGO SNR necessary for detection,
but how much you can lower it depends on the significance of the EM signals. That
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is, a more significant SGRB will be more significant than a weaker SGRB. Despite
these complications I give a conservative estimate on the minimum joint event rate.
It is necessary to infer the redshift distribution of observed SGRBs from the
distribution of SGRBs with measured redshift. The worst case scenario is those
without measured redshifts are all outside of LIGO’s detection horizon. This is an
unrealistic assumption. Using my sample there are 39 SGRBs with measured redshift,
and we must scale this to the 73 Swift BAT SGRBs with XRT observations. Using
the anticipated (by highly uncertain) Advanced LIGO design sensitivity for NS-NS
mergers of 200 Mpc, with the gains from face-on mergers and increasing significance by
combining information give a range of about redshift (assuming standard cosmology)
of ∼0.08-0.1 and a horizon of about ∼0.12-0.14. 1 of these 39 is close to this detection
range, 2 more are within this horizon, and a fourth is close to the horizon. If we remain
conservative, 1 out of 73 SGRBs is in this anticipated detectable distance, which is
∼ 1% of detected SGRBs. As every assumption we have made is on the conservative
side, that is removing multiple nearby SGRBs with ambiguity on the host association,
removing the nearby HETE2 burst, including all XRT observed bursts when some
may not have sufficient follow-up observations to identify the host galaxy, assuming
all bursts without measured redshift are outside of this detection distance, we consider
this a lower bound.
To convert this to a joint detection rate we must have a rate of SGRBs detected,
account for the LIGO livetime, and halve the rate as the definition of the LIGO
range is the sky-averaged value, so at that distance half of events will not reach
detection significance. Halving the fraction still gives about 0.7% (about 1 in 150)
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within LIGO’s horizon in a given year. I note that with 1 SGRB near the given
range and two within the horizon, assuming that only 1 of these three was detectable
has already effectively accounting for this halving. Together, this acts as a hedge
against a bias towards higher joint detection rates due to low count statistics. When
Advanced LIGO nears design sensitivity Virgo should also be operating and observing
astrophysically interesting distances. Taking a single IFO livetime as 70%, which is
roughly what was achieved during the O1 run, then ∼80% of the time at least 2 IFOs
will be running. This means, with conservative assumptions and requiring a 2 IFO
network with realistic livetime assumptions, at least 1 in 200 SGRBs occur within
the claimed design sensitivity.
GBM is the most prolific active detector of SGRBs and triggers on about 40
SGRBs/year. That is, GBM triggers on about as many SGRBs per year as there
are SGRBs with measured redshift. As we have shown, there is no correlation with
observed brightness and redshift owing to the ‘iceberg’ effect. Because of this, the
GBM team developed a blind search to find additional SGRBs, which is now finding
an additional 100 SGRBs/year, for a total of 140 SGRBs/year. Put another way, this
is more than 3 times as many SGRBs in a year than have measured redshifts. Even
with conservative assumptions GBM would still expect a joint detection before too
long.
More realistic assumptions include a few percent of SGRBs within LIGO’s
range, that SGRBs without measured redshift have a similar distribution to SGRBs
with measured redshift (as there are selection effects both ways), and a joint detection
statistic could further improve this range. Additionally, LIGO is working on single
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IFO triggers which could be confirmed as real events with an associated EM detection
instead of a 2nd IFO detection. With 70% livetime for three detectors (and soon to
be four or more) there will effectively always be a detector running. Lowering the
threshold for blind SGRB significance allows for more detections, with some contamination. A balance could be found, which could increase the number of SGRBs/year
with GBM and LIGO/Virgo with a false positive rate similar to LIGO’s current online
analyses.
Scaling the GBM rate to all-sky gives about ∼250 SGRBs/year down to GBM’s
optimum sensitivity. Other active gamma-ray instruments should be running dedicated ground searches whenever possible given the importance of a joint event. Even
the most conservative assumptions implies a joint detection will happen within a few
years of the advanced GW IFOs reaching design sensitivity, even if all SGRBs are
caused by NS-NS mergers. This also means a joint detection has a decent chance of
occurring before design sensitivity is reached.
We again gain an increase in joint detection rate by including the GBM targeted search, which is more sensitive than the blind search and only pays a trials
factor for the targeted run-time. Finally, should some or all SGRBs arise from NS-BH
mergers we would expect to see more joint events. Therefore, assuming LIGO/Virgo
approach design sensitivity, have reasonable livetimes, and the GBM remains active,
a joint LV-GBM detection of a SGRB-CBC event should occur within a few years of
joint observations. Additionally, should a putative joint event happen the combined
capabilities of GBM and LIGO will improve the chances of finding an associated
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SGRB afterglow or kilonova (which is shown in the next section), which could further
increase the total significance of the event.

4.6

Joint LIGO-GBM Localizations

As the primary localization for GW IFOs is triangulation the resulting probability
maps are hundreds of square degrees (Singer et al., 2014). GWs observed by three or
more IFOs can give relatively decent localizations. The current advanced GW IFO
network is limited to two IFO cases which have typical localizations covering hundreds
of square degrees. The current method to search for EM counterparts (other than
prompt SGRB emission) is to use wide-field survey instruments to identify transients
consistent with the LIGO probability maps and follow them up with narrow-field
instruments to classify the events. Because of limited FoV, low livetime, restricted
telescope time, delay due to analysis time, and difficulty in coordinating multiple
large collaborations, the probability maps are not entirely covered. These issues are
compounded by the faint and quick fading afterglows of SGRBs and the expected weak
kilonova emission. In spite of these difficulties, the possible gain is tremendous and a
great deal of effort and telescope time has been spent to overcome these limitations.
Any reduction in the size of the localization would be beneficial, so long as it is
provided quickly enough. In addition to increasing the chance of finding, identifying,
and associating an afterglow or kilonova a reduction in the localization also increases
the statistical significance of associating an EM event with a GW trigger.
The advantage of the wide-field gamma-ray instruments is that they observe a
large fraction of the sky with high uptime, and GRBs are sufficiently rare to allow for
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significant association. If BAT, or a similar instrument, detects an associated SGRB
the location will be immediately sufficient for follow-up. This is a best case scenario,
but it is more likely that the wider field gamma-ray instruments would observe the
prompt EM counterpart. GBM has the unique capability of providing improvements
to the localization quickly enough to aide the followup effort to detect afterglow while
having an extremely large FoV. Other methods such as the IPN will not give locations
until the afterglow has faded beyond the detection limit of current instruments, owing
to the latency for data retrieval from instruments beyond Low Earth Orbit.

4.6.1

Individual Localization Capabilities

GWs are localized by calculating the light travel time between IFOs and drawing
annuli for each set. Refinements can be made based on the relative SNR in each active
IFO after including the antenna response. A simulation of realistic skymaps for NS-NS
mergers was created to give EM observers a way to prepare for real followup (Singer
et al., 2014). The uncertainty on the light travel time between IFOs is improved for
each cycle of the inspiral observed. For Advanced LIGO this means mergers involving
a NS have narrower annuli than those that do not, and mergers with two NS are even
narrower. The output from LIGO is a discrete all-sky skymap where each equal area
pixel is assigned a probability of the source being contained within that pixel’s area.
The pixels are determined by Hierarchical Equal Area isoLatitude Pixelization, or
HEALPix (Gorski et al., 2005). The localizations we use here are generated using the
same real-time Bayesian approximation, BAYESTAR, as the real-time pipelines. The
distribution of the minimum number of square degrees to cover 90% of the probability
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Figure 4.6: Histogram of the minimum area to cover 90% of the probability maps
of NS-NS mergers with Advanced LIGO in the first two years from simulations in
Singer et al. (2014).

map is shown in Figure 4.6. All of these were observed by at least two IFOs, and
only a few by three. The mean 90% area is 546 square degrees and the median is
545 square degrees. As these injections were for NS-NS mergers, these areas will be
larger for NS-BH or BH-BH events, but the morphology will be similar.
We have already described how GBM localizes. For the purposes of LV-EM
joint work identical output to the LIGO skymaps have been developed for GBM
SGRB localizations (including systematic error). The same minimum area to cover
90% of the probability histogram for GBM is shown in Figure 4.7. The mean 90% area
is 1088 square degrees and the median is 727 square degrees. These localizations were
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Figure 4.7: Histogram of the minimum area to cover 90% of the localization probability for GBM triggered SGRBs.

generated using the RoboBA, software developed to automatically localized bursts in
GBM as this is what is used in our real-time pipeline and will be used in the automatic
reporting for the follow-up effort.

4.6.2

Joint Localizations

For joint 2 IFO GW-GBM events there will be two independent localization probability distributions. Because, in general, neither localization will be much smaller
than the other, and the morphologies are dissimilar, combining the localizations is
advantageous. Once the events have been associated, a joint probability map can
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be obtained by multiplying the position-dependent probability distributions together
and renormalizing the joint distribution to unity.
In order to determine the morphology and size distribution of these joint localizations I simulated joint events. The simulations were straight-forward but multistep.
First, a skymap was chosen at random from the First Two Years paper (out of 630).
A triggered SGRB was then randomly selected (out of 296). The GBM SGRB probability maps were generated by code written by A. Goldstein (private communication).
We select a simulated joint event time by adding a sidereal day times a random integer between 0 or 1000 to the injected LIGO signal time. This was chosen to avoid
rotating a LIGO skymap, where the localization depends on where the Earth is in its
rotation as the LIGO facilities are fixed to its surface. As the orbital period of Fermi
is not a beat of a sidereal day this introduces no bias. This sampling was run 10,000
times.

4.6.2.1

SAA and Earth Occultation

I then checked if the selected time occurred during SAA transit. The fraction that
occurred during SAA transit is close to the expected 15%. We also checked if the
location the LIGO skymap was injected to was occulted by the Earth, which occurred
close to 30% of the time, also as expected. These are not mutually exclusive, but are
independent, so the fraction of simulated events observed was 61.6%, which is slightly
higher than the 60% expected.
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4.6.2.2

Joint Triggered SGRB-CBC Localization

For the joint trigger simulations we created 1,000 samples. A random pixel was selected, weighted by probability, and assumed to be the true source position for the
GRB. The map is then rotated to match this position with the position the LIGO signal was injected, thus making the joint distribution properly statistically distributed
in alignment. To make sure I did not introduce a bias by rotating the GBM skymaps
I checked for isotropy of the LIGO skymaps in the Fermi frame (at the original LIGO
skymap time). The cumulative probability plot is shown in Figure 4.8. I performed
a dipole isotropy test with the angle defined as the offset from the Fermi LAT boresight, and a quadrupole test with the 90 degree offset from the LAT boresight as the
plane. These two tests were chosen as these would have the dominant effects on the
GBM localization based on geometry. The results of both tests are consistent with
isotropy. That is, on an individual level the rotation will be invalid at that specific
time, but on a population level the distribution will not be biased away from the
true distribution. Owing to the discrete nature of the skymaps, after rotation a ∼few
degrees smoothing was applied. This slightly increased the size of the GBM localizations, but this is acceptable as the systematic error is underestimated for SGRBs.
This is known for SGRBs because the 1 and 2 sigma contours contain slightly less
than 68% and 95% of the true locations of BAT localized SGRBs. It is unclear if this
is a fluence or hardness issue.
After rotation, the individual probability maps were multiplied together and
renormalized, giving the joint localization probability map. As a further step, since
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1.35904e-06 Probability per Pixel 0.000114776
Figure 4.8: Cumulative (renormalized) plot of the LIGO skymaps in the Fermi
spacecraft frame. The low counts of the LIGO skymaps cause the varying probability
instead of a smooth distribution.

we only combine the maps if we believe the signals are related, we zero out the
positions occulted by the Earth for Fermi since the signal is already presumed to be
astrophysical in origin. The resulting histogram plotted in Figure 4.9. The mean and
median are 102.67 and 89.59 square degrees, respectively. A reduction of more than
80% for mean and median relative to the LIGO localizations, and around 90% for
GBM localizations alone.

4.6.2.3

Follow-up Prioritization with No GBM Signal

There are other EM signals expected from the merger of a NS with a BH or another
NS. With the exception of the kilonova they are all related to the GRB emission.
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Figure 4.9: Histogram of the minimum area to cover 90% of the localization probability for joint SGRB-CBC events, where the SGRB is a triggered GBM SGRB and
the LIGO CBC event is for a NS-NS merger.

When GBM detects no gamma ray signal around a LIGO trigger then the region of
the LIGO probability map that GBM was observing can be deprioritized for searches
of EM radiation related to the GRB. The exact level of priority will be determined
by each follow-up observatory (e.g. a weight can be applied to the search for orphan
afterglows or afterglows viewable beyond the prompt emission boundary). The distribution, again from 1,000 samples, on the minimum area to 90% coverage of the
LIGO probability not observed by GBM at event time is shown in Figure 4.10. The
mean and median minimum area to 90% coverage are 241 and 212 square degrees, an
average reduction of slightly more than half.
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Figure 4.10: Histogram of the minimum area to cover 90% of the probability for
LIGO NS-NS merger skymaps with the portion visible to GBM set to zero.

4.6.2.4

Special Cases

There are some special cases that deserve brief discussion. When LIGO reaches
design sensitivity Virgo is expected to also be observing astrophysically interesting,
but lower, distances. Most of the time there will be an active 2 detector network,
which is the case the previous sections assumed. Sometimes 3 (or eventually more)
IFOs will be running. In this case the GBM localization will not always improve
the GW network localization. LIGO is currently working on assigning significance to
single IFO events. In this case a joint EM detection will provide the best location
from the EM side. The LIGO localization here is the antenna pattern, which is very
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broad and fairly smooth. A joint GW-EM event might be necessary to bring the
significance of single IFO triggers to discovery threshold.
In the previous sections we used only GBM triggered SGRBs. The blind
untargeted search now has a rate 2.5 times that of the on-board trigger for detecting
SGRBs. For these SGRBs the GBM localization morphology is similar, but larger
on average owing to the weaker signals in count space. Additionally, it is not clear if
the triggered GRB systematic will be the same as the untriggered systematic; though
this is somewhat ameliorated by large statistical uncertainties dominating systematic
uncertainty. The joint case for the untriggered, blind SGRBs likely occur more often
than the triggered.
Further, code has been developed to produce these same localization probability maps for events found only by the targeted search. Should this occur the joint
probability map will also be reported to the LV-EM community, but no study or predictions are made here on the expected localization reduction or resulting morphology
of the joint maps.
Since the blind search of GBM data for SGRBs appears to be finding many
SGRB candidates that would otherwise remain undetected, other gamma-ray instruments should have dedicated, real-time offline searches for SGRBs. For example, Swift
BAT has a much wider field of view for observing SGRBs in rate data compared to
its localization FoV (Hurley et al., 2013). In the case where the BAT finds no signal
then the region observed can be deprioritized, similar to the Earth occulted region for
GBM non-detections. We could also combine information from multiple instruments
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to prioritize different regions of the sky, e.g. if KONUS detects a burst and GBM
does not then the source must have been occulted by Earth for Fermi .

4.7

Precursors in GBM

Precursors have been observed before some SGRBs (Troja et al., 2010). The canonical
example is the extremely bright GRB 090510 where GBM triggered on the precursor
(Ackermann et al., 2010). One theoretical explanation for SGRB precursor emission
is the resonant shattering of NS crusts (Tsang et al., 2012). Here, the NS crust
is fractured when the inspiral frequency matches the resonant frequency of the NS.
In this model, and some others, the precursors would be omnidirectional. The time
offset should be small, precursors have been observed in active gamma-ray telescopes,
and LIGO’s horizon will bias us towards close events that may cause the observable
precursor emission to occur more frequently than for the total SGRB population.
Minaev and Pozanenko (2016) searched for precursor emission before SGRBs in
SPI-ACS and constrain the fraction of SGRBs with precursor emission in SPI-ACS to
less than 0.4%. Their methodology resulted in not identifying the precursor to 090510
despite this being the canonical example. This is due to the different definition of a
precursor, the different search methodologies, and possibly the different energy bands.
Additionally, Swift BAT is more sensitive than SPI-ACS.
As discussed, minimizing the time range allowed for possible associated signals
increases the significance of the association, with the risk of excluding real associated
signals. Therefore, if precursors can be detected in GBM then the time range should
encompass possible precursor time; otherwise, these times should be excluded. A pre92

vious search of GBM data and an explanation of the different precursor definitions is
described in Zhu (2015). A Bayesian Blocks method (Scargle et al., 2013) was used
to search for evidence of precursor emission before triggered GBM SGRBs. Presumably, if there is a relationship between precursor and main peak emission strength it
should be positive; therefore, finding no precursor emission before triggered SGRBs
would tend to suggest precursor emission will not be found before weaker, untriggered
SGRBs. Zhu (2015) found about 5% of GBM SGRBs showed evidence for precursor
activity, but no precursor occurred more than a few seconds before the main peak.
I sought to confirm this work to restrict the allowable time offset before the
GW trigger time. As the targeted search is the most sensitive search of GBM data
I modified the code to search for precursor emission around triggered SGRBs. The
standard version fits a polynomial to assumed background times before and after the
assumed source window. Here I only fit the pre-source data as background to prevent
the main SGRB emission, or any extended emission, from artificially inflating the
background fit above the true rate as this may hide weak precursor emission.
This modified search was run over all triggered SGRBs from 30 seconds before
to 5 seconds after the peak count rate. For bursts before 2013 CTIME data was
used, which switches from 256 ms resolution to 64 ms resolution at trigger time. For
newer bursts BTTE data binned at 64 ms was used. To prevent confusing prompt
and precursor emission we visualized the unfiltered results by plotting the logLR for
each source window, a visualization developed by Tito dal Canton (private communication). GRB090510 is shown in Figure 4.11, where the distinct precursor is evident
in the shorter timescales.
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Figure 4.11: The logLR for each source window for the bright GRB090510. The minimum value plotted, 15, is where there is confusion between source and background.
The maximum value of 100 is set to allow discrimination of significant source windows
from background. The source windows that contain T0 all exceed this value. The
precursor is visible in the shorter timescales shortly before T0. It is clearly distinct
from the main phase.

A limitation of this method is the a priori selection of SGRBs by the T90 < 2
s cutoff. The selection of SGRBs as defined by T90 may bias our sample against
SGRBs with precursor emission more than a few seconds before the main peak, if the
precursor emission was recognized and included in the T90 interval. For very bright
precursor emission this is possible, such as for GRBs 100717 and 130310 in Minaev
and Pozanenko (2016), which are long in GBM. It is unclear which class these bursts
belong to. I proceed under the assumption that if precursors are evident in GBM
data then there is a flux level that was not included in the T90 burst interval but will
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be detectable by the targeted search. There is also the confounding possibility that
some of our sample actually belong to the long population. As the field has not found
a widely usable, rigorous method for properly classifying bursts we do not attempt
to resolve these issues here. A future search may seek to resolve these ambiguities.
Using these plots I define precursor emission as signals distinct from the main
prompt phase but with a lower logLR. I restrict this precursor search to T0-30 s to T03 s where T0 is the time of max count rate. I additionally check for location agreement
of putative precursors with the main prompt GRB. The logLR is marginalized over a
uniform sky prior. Instead, I place a 2D Gaussian probability map on the sky centered
at the GRB location with a large error and weight the logLR accordingly, giving a
value referred to as the coincLR. For triggered SGRBs, with this large Gaussian
uncertainty, coincLR is always larger than logLR. Therefore, we restrict putative
precursors to have a coincLR at least as large as the logLR.
I also performed a dedicated search for the SGRBs with possible precursor
emission for SGRBs from Troja et al. (2010) that were observed by GBM. While
GRB080702A is seen in GBM data it occurred before the on-board triggering was
enabled and I do fully investigate this burst. I find no evidence for the precursor of
GRB081024A, contrary to the paper. In agreement with the paper GBM finds the
immediate precursor of GRB090510 but not the other precursor ∼13 seconds before
the main pulse.
To determine if there is an excess on a population level I show the cumulative
logLR distributions for each spectral template (described later) as compared to expected rates from assumed background in Figure 4.12, Figure 4.13, and Figure 4.14.
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Figure 4.12: The cumulative logLR distribution of putative soft precursor signals
compared to the rate expected from background. There is no clear evidence for a
signal excess, suggesting this search is not finding precursor emission with a soft
spectrum around triggered SGRBs.

The background is sampled from times around the triggered SGRBs, with the same
locations seeded. There is no significant excess in any template, suggesting this search
algorithm finds no evidence of precursor emission.
I note that this does not mean SGRBs do not have precursors more than a few
seconds before the main peak, nor that GBM cannot observe them. This only means
that this targeted search of GBM data finds no evidence for them, and the conclusions
should only apply to the significance formalism of this search. This suggests the
search should start at GW T0-3 s. To improve the capability of this search we could
investigate all bursts (to prevent the selection of T90 < 2s from removing candidates),
determine a better method of background selection (e.g. using the background from
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Figure 4.13: The cumulative logLR distribution of putative normal precursor signals
compared to the rate expected from background. There is no clear evidence for a
signal excess, suggesting this search is not finding precursor emission with a normal
spectrum around triggered SGRBs.

times with similar spacecraft position and pointing), or the use of a spectral template
matching theoretical expectations for precursor emission.
Other searches of GBM data, and other searches of other gamma-ray instruments, should conduct their own search to determine if that search is sensitive to
precursor emission. While not done here, a similar search for extended emission
should also be conducted.

4.8

Future Work

Despite years of preparation, much work remains to be done to be fully prepared for
the first joint GW-EM detection. An estimate on the joint detection rate for SGRB97
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Figure 4.14: The cumulative logLR distribution of putative soft precursor signals
compared to the rate expected from background. There is no clear evidence for a
signal excess, suggesting this search is not finding precursor emission with a hard
spectrum around triggered SGRBs.

CBC events that follows the effort here, but extrapolates to closer redshift values
should be done. This would allow for the inference, with large uncertainties, of an
expected rate for a given GW network design sensitivity and livetime. The high end
of these estimates could be constrained based on the non-detection (above threshold)
of a merger with a NS in GWs. The relative rarity of a joint detection can inform
follow-up campaigns on the necessary readiness and the telescope time devoted to
putative joint detections.
All gamma-ray telescopes should have dedicated sub-threshold searches for EM
emission consistent with a SGRB. The capability of these searches to detect possible
precursor emission or extended emission should be quantified. Lastly, all available
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information from the gamma-ray telescopes (including non-detections) should be included in near real-time to refine or prioritize regions of the sky for follow-up of EM
emission related to GRBs.
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CHAPTER 5

BINARY BLACK HOLES MERGERS

5.1

GWs from BH-BH Mergers

The following section is modified from Racusin et al. (2016).
The era of multi-messenger astronomy has fully begun with the regular detections of GWs from merging compact objects by the LIGO (Abbott et al., 2016a), and
large multi-wavelength campaigns to pursue EM counterparts (Abbott et al., 2016a).
As demonstrated with GW150914, Fermi ’s GBM and LAT are uniquely capable of
providing all-sky observations from hard X-ray to high-energy gamma-rays in normal survey operations, including covering the entire localization probability maps of
LIGO events (Connaughton et al., 2015; Ackermann et al., 2016; Abbott et al., 2016a)
within hours of their detections (see also Tavani et al. 2016).
In addition to GW150914 (Abbott et al., 2016a; Abbott et al., 2016c), two
other candidate compact object mergers were found in LIGO data from the first
observing run which ran from 2015 September 12 to 2016 January 12. GW151226
and the sub-threshold LIGO-Virgo Trigger LVT151012 (if the latter is from a real
astrophysical event) are associated with the mergers of two compact objects, likely
both stellar-mass black holes (BHs) (Abbott et al., 2016b).
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LVT151012 was detected at both the LIGO Hanford and Livingston facilities
using the offline data analysis pipelines gstlal (Messick et al., 2016) and pycbc
(Usman et al., 2016), designed to detect compact binary coalescence (CBC) events,
with the candidate source being detected at 09:54:43.4 UTC on 2015 October 12
(hereafter tLVT ), with ∼ 2σ significance. The LIGO GW analysis of LVT151012
yields a relatively high false alarm rate (FAR) of 1 per 2.3 years, BH masses of 23+18
−6
and 13+4
−5 M , and a distance of 1100 ± 500 Mpc (Abbott et al., 2016c).
GW151226 was detected at both the LIGO Hanford and Livingston facilities,
using the gstlal CBC real-time pipeline, at 03:38:53.6 UTC on 2015 December 26
(hereafter tGW ). The GW analysis provides a FAR of less than 1 per 1000 years,
and parameter estimation provides BH masses of 14.2+8.3
−3.7 and 7.5 ± 2.3 M , and a
distance of 440+180
−190 Mpc (Abbott et al., 2016b).
b. S
The LIGO Scientific Collaboration and the Virgo Collaboration reported the
discovery and results from Bayesian parameter estimation analyses of LVT151012
and GW151226 under the assumption that the signals arise from a CBC using the
latest offline calibration of the GW strain data (Abbott et al. 2016c, Abbott et al.
2016b). The most accurate localization maps for these events (LALInference, Veitch
et al. 2015) are based on Bayesian Markov-Chain Monte Carlo and nested sampling
to forward model the full GW signal including spin precession and regression of systematic calibration errors. The analysis of the Fermi observations requires only the
trigger times and localization maps as inputs, which were provided via the Gamma-
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ray Coordinates Network (LVC (2015b), LVC (2016)) to groups with a memorandum
of understanding with LIGO.

5.2

Paper: GW150914-GBM

Here we report on the GBM observations of GW150914 and the interesting gamma
ray candidate GW150914-GBM. The following is modified from Connaughton et al.
(2015). I contributed a significant portion of the analysis for this paper, with direct
assignment difficult to determine owing to the collaborative nature of the work.
Abstract:
With an instantaneous view of 70% of the sky, the Fermi Gamma-ray Burst
Monitor (GBM) is an excellent partner in the search for electromagnetic counterparts to gravitational wave (GW) events. GBM observations at the time of the
Laser Interferometer Gravitational-wave Observatory (LIGO) event GW150914 reveal the presence of a weak transient above 50 keV, 0.4 s after the GW event, with a
false alarm probability of 0.0022 (2.9σ). This weak transient lasting 1 s was not detected by any other instrument and does not appear connected with other previously
known astrophysical, solar, terrestrial, or magnetospheric activity. Its localization
is ill-constrained but consistent with the direction of GW150914. The duration and
spectrum of the transient event are consistent with a weak short Gamma-Ray Burst
arriving at a large angle to the direction in which Fermi was pointing, where the
GBM detector response is not optimal. If the GBM transient is associated with
GW150914, this electromagnetic signal from a stellar mass black hole binary merger
is unexpected. We calculate a luminosity in hard X-ray emission between 1 keV
102
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and 10 MeV of 1.8+1.5
erg s−1 . Future joint observations of GW events by
−1.0 × 10

LIGO/Virgo and Fermi GBM could reveal whether the weak transient reported here
is a plausible counterpart to GW150914 or a chance coincidence, and will further probe
the connection between compact binary mergers and short Gamma-Ray Bursts.

5.2.1

GBM Observations of GW150914

Figure 5.1 shows the LIGO sky map for GW150914 from Abbott et al. (2016a) with
the shaded region indicating the region of sky occulted to Fermi by Earth at the
time of detection of the GW event. GBM observed 75% of the probability region in
the location map during the detection of GW150914, with the full region becoming
visible 25 minutes later.
GBM did not record any on-board triggers around the time of the GW detection, at 09:50:45.391 UT on 2015 September 14. The triggers closest in time were
from two events on 2015 September 14 that are consistent with particle precipitation in or near the spacecraft, at 04:09:23 UT on entering the SAA, and at 14:21:34
UT, when Fermi was at high geomagnetic latitude, nearly 6 hours before and 4.5
hours after the GW event, respectively. GBM recorded triggers at similar points in
the Fermi orbit on the preceding and following days, leaving no doubt as to their
magnetospheric origin. These two triggered events were sufficiently far removed in
time from GW150914 to ensure that GBM was operating in a nominal configuration
in which it could have triggered on significant transient sources above the on-board
threshold.
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Figure 5.1: Localization map for GW150914, the GW event reported in Abbott et al.
(2016a). The grey shaded region indicates the region of sky occulted to Fermi by
the Earth at the time of GW150914. The region not occulted by the Earth contains
75% of the probability of the localization map, with all but 6% of the probability
contained in the southern portion of the annulus. The entire region was visible to
Fermi GBM 25 minutes after the GW event was detected.

5.2.1.1

Detection of GW150914-GBM

We searched 30 seconds of GBM data before and after the LIGO coalescence time for
a plausible counterpart with duration between 0.256 s and 8 s. The ±30 s interval
we use was selected a priori and is roughly guided by observation: if GRBs are
related to compact binary mergers we expect the impulsive gamma-ray emission to
be close in time to the GW, suggesting an interval of just a few seconds for our search.
Precursors to short GRBs have, however, been observed earlier than ∼10 s prior to
the main emission (Koshut et al., 1995; Burlon et al., 2009; Troja et al., 2010), and
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may originate from a less collimated emission region that is observable even when the
GRB jet is not along the line of sight to the detector.
An all-sky search of the GBM data revealed two candidates below a threshold
of 10−4 Hz chance probability. One transient, occurring at 09:50:56.8, 11 s after
GW150914, was visible only below 50 keV, favored the soft model spectrum, and
lasted 2 seconds. Using the standard GBM localization procedure we found a source
position of RA, Dec = 267.7, -22.4 degrees, with a 68% statistical uncertainty region
of radius 15◦ , and a systematic error of around 3◦ as described in Connaughton
et al. (2015). At a position in Galactic coordinates of l, b = 6.2, 2.4 degrees, the
event is compatible with an origin near the galactic center, well separated from and
incompatible with the LIGO localization region. It is typical of the type of soft X-ray
transient activity seen regularly in the GBM background data, particularly from the
galactic center region. We do not view this transient event as being possibly related
to GW150914 and we will not discuss it further.
The search also identified a hard transient which began at 09:50:45.8, about
0.4 s after the reported LIGO burst trigger time of 09:50:45.4, and lasted for about
1 second. The temporal offset of 0.4 s is much longer than the light travel time
of 2 − 45 ms between Fermi and the LIGO detectors. The detector counts best
matched those predicted from a hard model spectrum. We reported this event in
Blackburn et al. (2015a); we henceforth call it GW150914-GBM. Figure 5.2 shows
the model-dependent lightcurve of GW150914-GBM, where the detector data have
been summed using weights that maximize signal-to-noise for a given source model,
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and the unknown source model itself is weighted according to its likelihood in the
data.

5.2.1.2

The Significance of GW150914-GBM

The association of a likelihood value with a false alarm rate (FAR) is based on an
analysis of two months of GBM data from 2009 – 2010 (Blackburn et al., 2015b).
The FAR for GW150914-GBM, 10−4 Hz, is very close to the reporting threshold
for the search. The likelihood value for GW150914-GBM is much lower than those
obtained for two weak short GRBs detected by Swift that did not cause an on-board
GBM trigger but were found in a targeted search, and much higher than three weak
short GRBs that were indistinguishable above the background in the GBM data using
our targeted search (Blackburn et al., 2015b). Because the likelihood value was so
close to our reporting threshold, we considered the possibility that the background
count rates might be higher in 2015 than when the search criteria and FAR were
evaluated, implying a higher FAR than 10−4 Hz for GW150914-GBM. We used our
targeted search to examine 240 ks of GBM data from September 2015 with 218822.1 s
of GBM live-time, excluding passages of Fermi through or close to the SAA where
the detectors are turned off or count rate increases overwhelm any attempt to fit a
reasonable background model. We find 27 events above our threshold, for a FAR of
1.2 × 10−4 Hz, in agreement with the previously estimated value. The distribution of
events found in the 240 ks interval is shown in Figure 5.3. This gives a 90% upper
limit on the expected background of hard transients of 35 in this much live-time, or
1.60 × 10−4 Hz.
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Figure 5.2: Model-dependent count rates detected as a function of time relative
to the start of GW150914-GBM, ∼0.4 s after the GW event. The raw count rates
are weighted and summed to maximize signal-to-noise for a modeled source. CTIME
time bins are 0.256 s wide. The teal data points are used in the background fit. The
mustard points are the counts in the time period that shows significant emission, the
grey points are outside this time period, and the blue point shows the 1.024 s average
over the mustard points. For a single spectrum and sky location, detector counts
for each energy channel are weighted according to the modeled rate and inverse noise
variance due to background. The weighted counts from all NaI and BGO detectors are
then summed to obtain a signal-to-noise optimized light curve for that model. Each
model is also assigned a likelihood by the targeted search based on the foreground
counts (in the region of time spanned by the mustard points), and this is used to
marginalize the light curve over the unknown source location and spectrum.
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Figure 5.3: Distribution of transients identified by the targeted search pipeline in
±120 ks of GBM data surrounding GW150914. The events are between 0.256 s and
8.192 s in duration and sorted by best-fit spectral type. The dotted blue line marks
the likelihood ratio assigned to nearby candidate GW150914-GBM, while the longtail in the blue curve (hard spectrum) represents the single on-board triggered GRB
in the data sample. The teal and mustard curves show the candidates that favor the
other template spectra used in the search.
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We determine the significance of a GBM counterpart candidate by considering
both its frequency of occurrence and its proximity to the GW trigger time. Our
method, described in Blackburn (2015), and attached as Section 5.2.4.2 to this work,
allows us to account for all the search windows in the interval over which we performed
our search, while assigning larger significance to those events found closest to the time
of interest. This two-parameter ranking method frees us from having to choose a fixed
search interval, and we can also limit the length of the search interval to a value that
is computationally reasonable.
With a false alarm rate of 1.60 × 10−4 Hz for GW150914-GBM, which begins
0.4 s after the time of the GW event, we calculate using Equation 5.8 a post-trials false
alarm probability P = 2×3×1.60×10−4 Hz × 0.4 s × (1 + ln(30 s / 0.256 s)) = 0.0022
(2.9σ), where the logarithmic term accounts for the trials factor from multiple coincidence windows and the factor of 2 accounts for the search window on either side of the
GW time. A trials factor of 3 is included to account for the three spectral templates,
which were treated as independent owing to their very different distributions.
Our motivation for incorporating the temporal offset from the GW event into
our likelihood ranking statistic is that we have a prior expectation that inspirals occur
almost simultaneously with GRB production. We do have a motivation for a search
window that is long compared to the typical short GRB duration of 2 s so that our
search is sensitive to precursors up to a few tens of seconds before the GW event.
Most short GRBs do not, however, show precursor activity, so our a priori assumption
is that a nearly simultaneous GBM transient is more likely to be associated with the
GW event than one that is 10 s beforehand. The false-alarm probability of coincidence
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scales very slowly with the selection of our window. For example if ±60 s were used
instead, our calculated false-alarm probability would increase by only 12%. Thus we
believe our ranking strategy helps to reduce the dependence of calculated significance
on specific tuning of these search parameters. If we assume, instead, a uniform
probability across the 60 s window, we obtain a post-trials false-alarm probability
(FAP) of 1 − exp(−60 × 3 × 1.60 × 10−4 ) = 0.028 (1.9σ).
We now explore in detail whether the GBM data for GW150914-GBM suggest
an astrophysical origin and, if so, whether the source is consistent with GW150914
or can be attributed to other causes. We note that nothing in the following sections
changes the FAR or the FAP that we present above. If further analysis of the data
for GW150914-GBM suggested a non-physical source spectrum, or if the inferred
brightness of the event proved incompatible with upper limits set by complementary
observations, then this would lend support to a non-astrophysical nature for the
event, but it would not change the FAR of the event or increase the probability that
it occurred so close to GW150914 by chance. Similarly, if the search technique we
developed proved inefficient, we could in principle improve our ability to discern real
events and reject false ones, obtaining a lower FAR for a source associated with a
given likelihood value. While we do not rule out future improvements based on our
experience during O1, we do not attempt here to improve our search a posteriori.

5.2.2

Characteristics of GW150914-GBM

Each GBM detector provides a different observational perspective. The relative rates
in the NaI detectors establish the arrival direction of a source. From the distribution of
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counts as a function of energy, we infer something about its nature. In Section 5.2.4.3
we show that the detector pattern of GW150914-GBM is unusual, with all individual
detector count rates being slightly above background, simultaneously. We also show
that the count spectrum from the NaI detectors (summed) is consistent with the
count spectrum from the BGO detectors (summed), indicating a reasonable physical
spectrum that peaks in the BGO energy range.

5.2.2.1

Localization

The angular response of the NaI detectors allows the reconstruction of the most
likely arrival direction of an impulsive event, based on the differences in backgroundsubtracted count rates recorded in 12 NaI detectors that have different sky orientations. A bright source is localized with a 68% confidence level statistical error of
minimum 1◦ set by the resolution of a reference grid, and a systematic error that we
have characterized in Connaughton et al. (2015) as about 3 − 4◦ . We can localize
GW150914-GBM only roughly, as described in Section 5.2.4.4, to a region covering
3000 square degrees (68% confidence level), with a most likely location of RA, Dec
= 75, -73 degrees. The source direction is underneath the spacecraft, at an angle of
163◦ to the spacecraft pointing direction, with 52% of the probability region above
the Earth limb, the rest hidden by the Earth.
GBM was not designed to detect sources under the spacecraft, that have large
angular offsets, θ, to the spacecraft pointing direction. The pre-launch plan for Fermi
nominal operations was to observe at a 30◦ angle from the local zenith, allowing
the sky to drift across the field-of-view, rocking the spacecraft north and south on

111

alternate ∼ 90-minute spacecraft orbits to achieve even sky coverage for the Large
Area Telescope (LAT) survey of the high-energy sky. The GBM detectors were placed
for maximum sensitivity to sources in the LAT field-of-view (θ = 0 – ∼ 65◦ ), with
good sensitivity out to θ <∼ 120◦ . The Earth was expected to block the high θ
regions, which are, by design, not well-viewed by the NaI detectors. The sky survey
mode was changed after launch to alleviate the effect of higher-than-expected battery
temperatures on the mission lifetime. A 50◦ rocking profile was found to keep the
batteries cooler and is now the nominal sky survey mode, with the result that GBM
has more exposure to sky regions at high θ angles than expected when deciding
the detector placement. The combination of the declining sensitivity of the NaI
detectors at large angles to the detector normals and the two-detector on-board trigger
requirement results in very few GRBs being detected with arrival directions at very
high θ.
Of the 1776 GRBs listed in the Browse Table at the HEASARC1 , only 67 occur
at a θ larger than 130◦ , and only 3 larger than 160◦ , none of the latter category short
GRBs. One of the GRBs detected beyond 160◦ , GRB130306A, was also detected by
Swift. Because of the large uncertainty region associated with GW150914-GBM it is
difficult to assess exactly how close its arrival direction is to that of GRB130306A,
but NaI 5 has the smallest angle to the source direction in both cases, and NaI 9
the largest. GRB130306A showed roughly equal signals in all NaI detectors except
NaI 10 and NaI 11, which were fainter. GRB130306A was a bright GRB, with a
localization by GBM that was less than 2◦ from the Swift localization, and a statistical
1

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigtrig.html
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Figure 5.4: The LIGO-only localization map (top left) can be combined with
the independent GBM localization map for GW150914-GBM (top right) assuming
GW150914-GBM is associated with GW150914. The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in the bottom right
plot. The constraint from Fermi shrinks the 90% confidence region for the LIGO
localization from 601 to 199 square degrees, a reduction of about two-thirds.

uncertainty of 1◦ . This indicates that GBM is capable of localizing an event from
an arrival direction beneath the spacecraft, from which nearly equal count rates are
expected in most of the NaI detectors, if the event is bright enough.
We find that the localization of GW150914-GBM is consistent with part of
the LIGO localization annulus. If the transient event uncovered in the GBM data is
associated with GW150914, then the GBM probability map can be combined with
the LIGO annulus to shrink the 90% confidence level LIGO localization by 2/3, as
shown in Figure 5.4.
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5.2.2.2

Energy Spectrum of GW150914-GBM

The data for GW150914-GBM imply a weak but significant hard X-ray source with a
spectrum that extends into the MeV range and a location that is consistent with an
arrival direction along the southern lobe of the sky map for GW150914. Converting
the observed counts in the GBM detectors to a source flux requires a deconvolution
of the instrumental response with an assumed spectral model. We sample a range of
arrival directions along the observed LIGO location arc, using the data and associated
responses for the detectors at each location that are most favorably oriented to the
arrival direction. Table 5.2 suggests that NaI 5 and BGO 0 are the most suitable
detector set for all the locations along the arc. We use the rmfit spectral fitting
package2 , which takes a forward folding approach to determine the parameters that
best fit the data for any model, given the instrumental response. The minimization
routine producing the best fit parameters uses a likelihood-based fitting statistic,
CSTAT.
Because the event is very weak, we do not attempt to fit the full-resolution
data (128 energy channels). Instead, we bin the CTTE data into the eight native
CTIME energy bins, and use the CTIME energy responses in our fits. In principle, binning in energy is unnecessary because a likelihood-based statistic correctly
accounts for low count rates in individual energy channels. In practice, the implementation of CSTAT in our spectral fitting software neglects background fluctuations
as a separate contribution to the uncertainty in the total count rates in the GBM
data, an effect that is mitigated by rebinning the data prior to fitting. A consequence
2

http://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/
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Figure 5.5: Power law fit to the data from T0+0.384 to T0+1.408 s, from NaI
5 (blue) and BGO 0 (red), corresponding to the high time bin in Figure 5.7. The
symbols show the data. The solid line shows the best-fit power-law model. Residuals
on the bottom panel show scatter but no systematic deviation. We cannot use the
first and last energy channels in either detector data type (there are threshold effects
and electronic overflow events), leaving the data from 12 energy channels included in
the fit.

of this limitation of CSTAT is that the uncertainties on the parameters returned by
the fits are almost certainly underestimated. In the analysis that follows, we report
68% statistical uncertainties, with the caveat that the true uncertainties are probably higher. GRB spectra are well represented by empirical functions with power-law
components around a peak energy in the spectral energy distribution, Epeak . The
Band function is used when there are enough counts to constrain all parameters, particularly the high-energy power-law index, β. If β is not constrained, a power-law
fit with an exponential cut-off above Epeak , called the Comptonized model, generally
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works well. For the weakest bursts, or when Epeak lies outside the energy range of the
instrument, a power-law fit is adequate and serves to provide an estimate of the flux
and fluence of the burst as long as the energy range over which the flux and fluence
are calculated is not extended outside the observation range. We find that for all 11
positions along the LIGO arc, a power-law fit to the data from GW150914-GBM can
be constrained. For one of the positions, we can also provide weak constraints for
a fit to the Comptonized model. Figure 5.5 shows a representative count spectrum
and power-law model fit to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near the central position
of the southern arc. For each of the 11 positions along the arc, we find the best-fit
power-law index and associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate the uncertainties on
the parameter values (68% confidence level). We also sample the parameter distributions to calculate the fluence and its confidence region, weighting the sampling
along the arc according to the LIGO localization probability contained near each
point on the arc. We obtain a best-fit power-law index −1.40+0.18
−0.24 and amplitude
−1
0.002+0.002
cm−2 keV−1 over the LIGO localization arc, yielding a fluence
−0.001 photons s
−7
between 10 and 1000 keV of 2.4+1.7
erg cm−2 .
−1.0 × 10

For a deconvolution assuming a source position at the northeastern tip of the
southern lobe (entry 10 in Table 5.2), the Comptonized model converges to find a best
+0.57
fit Epeak of 3.5+2.3
−1.1 MeV with a power-law index below Epeak of −0.16−0.50 , although

this fit is not statistically preferred over the power-law fit. When simulating iterations
of the burst to obtain 68% confidence level uncertainties on the parameters, the fit
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failed about 50% of the time. The fluence between 10 and 1000 keV obtained assuming
−7
a Comptonized model for a source from this position is 2.8+1.0
erg cm−2 .
−0.9 × 10

The fit parameter values are typical for short GRBs, with power law indices of
about -1.4 found in cases where the GRB is too weak to constrain Epeak , and values
for the Comptonized fit parameters that are not unusual for short GRBs (Gruber
et al., 2014). A fluence of 2.4 × 10−7 erg cm−2 is nearly average for short GRBs, with
40% of short GRBs detected by GBM weaker than this value3 . The least energetic
short GRBs detected by GBM have a fluence an order of magnitude smaller than
GW150914-GBM, implying that if GW150914-GBM is a short GRB, then with a more
favorable arrival direction, it would have caused an on-board trigger. If GW150914GBM is part of the short GRB population, then its fluence is not atypical but its
unfortunate arrival direction yields only a weak signal in GBM. Figure 5.5 shows the
model is a reasonable fit to the count spectrum even at low energies, implying no
paucity of counts at low energies in NaI 5, which is the only detector with a small
enough viewing angle to the source position to have any sensitivity below 50 keV.
At a distance of 410+160
−180 Mpc implied by the GW observations (Abbott et al.,
49
2016a), we obtain a source luminosity of 1.8+1.5
erg s−1 in the 1 keV – 10 MeV
−1.0 × 10

energy range that is standard for reporting such bolometric luminosities. The uncertainties reflect the range of possible distances to the progenitor, uncertainties in the
spectral fit parameters (using the power-law fits) and the range of arrival directions
along the arc. This luminosity is an order of magnitude dimmer than the peak lu3

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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minosities of the dimmest short GRBs in the sample analyzed by Wanderman and
Piran (2015).

5.2.2.3

Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive events in the hard X-ray
energy range. No pointed instruments reported observations of GW150914, suggesting
they were not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-detection by instruments on-board the Astrorivelatore Gamma a Immagini Leggero (AGILE) close
in time to the GW event are reported by Tavani et al. (2016). The MicroCalorimeter (MCAL) had non-optimal exposure to the GW event, from which upper limits
to GW150914-GBM are calculated that are compatible with the GBM fluence. The
other instruments on-board AGILE observed most of the LIGO annulus hundreds of
seconds either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer onboard INTEGRAL
(SPI) has a large collection area above 80 keV with an all-sky response that is not
hindered by Earth occultation (von Kienlin, A. et al., 2003). We looked for a signal
in SPI-ACS at the time of GW150914-GBM and found no excess above background4 .
The SPI-ACS team reported a fluence limit of 1.3 × 10−7 erg cm−2 in the 100 keV –
100 MeV energy range based on a null detection over a 1 s period (Ferrigno et al.,
2015). Further analysis of the SPI-ACS data is reported in Savchenko et al. (2016).
They estimate a source signal between 5 and 15σ above background should have been
4

http://isdc.unige.ch/~savchenk/spiacs-online/spiacs-ipnlc.pl
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seen in the SPI-ACS data if the source spectrum were similar to the template spectrum
used in the discovery of GW150914-GBM. We note that the template spectrum was
selected a priori and was not a fit to the data. A power law in energy with an
index of about -1.4 was the only fit we could constrain for a source at any position
on the LIGO arc, with a Comptonized fit possible (but not statistically favored) for
a source at one of the positions we evaluated on the arc. Because power-law fits
without a break are generally not physical representations of a source spectrum, a
fluence calculation for the expected response in a detector with a different energydependent response than the instrument in which the power-law fit was measured
is not realistic. Instead, Savchenko et al. (2016) calculate the expected SPI-ACS
signal assuming various spectral shapes in an extrapolation from the central value
for the fluence obtained in fits to the GBM data. They report 3σ fluence limits that
are compatible with the 3σ fluence extrapolations obtained in fits to the GBM data
using the same assumed models.
von Kienlin, A. et al. (2003) and Savchenko et al. (2016) report that the
sensitivity of SPI-ACS is a strong function of the source energy spectrum and, to
a lesser extent, the exposure of the detectors to the source location. In principle,
non-detection by SPI-ACS can be used to further constrain the spectrum and arrival
direction of GW150914-GBM, or indeed any event. If there is no allowed spectrum
and location that can accommodate both an interpretation of the GBM excess as
real and the non-detection by the SPI-ACS, then we would conclude that a GBM
signal was not astrophysical. In the case of GW150914-GBM, the non-detection
would appear to rule out a source with a spectrum as hard as the hard template
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spectrum used in the search pipeline, but not with the spectrum that was actually
obtained in a fit to the data. It might be constraining for a source represented by
the Comptonized model with parameters obtained for a source at one position on the
LIGO annulus, assuming the signal actually came from a source at another position
on the annulus, to which SPI-ACS has optimum exposure. In practice, there are large
uncertainties in both the spectrum and arrival direction of the source, and we need
a systematic study of the GBM and SPI-ACS cross-calibrated sensitivities. Because
the SPI-ACS data are recorded with no energy resolution, as the sum of nearly 100
detectors with different orientations, a joint fit to GBM and SPI-ACS data is not
straightforward, using Monte Carlo simulations of the instrument response based on
ground calibrations of the shield, with assumptions regarding the spectrum of the
background data recorded in orbit, and relying entirely on the spectral model and
parameter values and uncertainties obtained in fits to the GBM data. In the case of
GW150914-GBM, the GBM data alone cannot rule out a spectrum as hard as the
model template in the discovery pipeline - the event is too weak to characterize the
signal beyond a simple power-law fit and the BGO collection area above 10 MeV is too
small for a detectable signal in an event this weak. In principle, with an understanding
of systematic uncertainties in both the GBM fits and the cross-calibration of the two
instruments, the flat response of the SPI-ACS above 10 MeV could constrain the
spectral shape of GW150914-GBM.
Further investigation of the SPI-ACS detection sensitivity to GBM-detected
GRBs as a function of the GRB spectrum is ongoing, in order to evaluate the relative
sensitivities of the two instruments to short GRBs, a study involving both instru120

ment teams that will include systematic effects that are neglected both here and in
Savchenko et al. (2016).
The LIGO localization arc for GW150914 became observable by the Fermi
Large Area Telescope ∼4000 s after the GW event and a search for high-energy
emission over time-scales comparable to our search in hard X rays with the EOT is
reported by Ackermann et al. (2016). A summary of observations of GW150914 is
given in Abbott et al. (2016a).

5.2.2.4

Possible Origins for GW150914-GBM

The energy spectrum of GW150914-GBM is too hard for any of the galactic transient sources detected by GBM (bursts from magnetars, type I thermonuclear X-ray
bursts, or outbursts from accreting pulsars) and also too hard to be of solar origin.
Additionally, the Sun was quiet around the time of the GW event detection. The
localization (Section 5.2.4.4) close to the Earth’s limb raises the question of whether
GW150914-GBM comes from the Earth.
Terrestrial Gamma-ray Flashes emit gamma rays extending to at least 40
MeV. TGFs are detected either as gamma rays produced by electrons accelerated in
electric fields in thunderstorms, or as secondary electrons and positrons guided by the
magnetic field line that connects a thunderstorm to a gamma-ray detector. Typical
durations for the gamma-ray and electron events are several hundred µs and several
to tens of ms, respectively, much shorter than GW150914-GBM (Briggs et al., 2013).
TGF gamma rays are detected by GBM when the source is within 800 km of the
Fermi nadir; the charged particle form can be detected from thousands of kilometers
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from the source, but only when GBM is within the ∼100 km diameter beam centered
on the magnetic field line from the source (Briggs et al., 2013). The World Wide
Lightning Network (WWLLN; Hutchins et al. 2013), a global network of VLF radio
receivers, virtually always finds clusters of lightning (i.e., thunderstorms) for GBM
TGFs. At the time of GW150914-GBM WWLLN has no lightning detections over
±10 minutes within 800 km of the spacecraft nadir nor at the two magnetic footprints,
making it very unlikely that there were TGF sources within GBM’s detection range.
Another lightning detection network, GLD360 (Said et al., 2013), reported a
very high peak current lightning stroke at 09:50:45.406 at latitude 11.1685, longitude
−3.2855 degrees. At more than 4000 km from Fermi , this is past the horizon so that
gamma rays would be blocked by the Earth. The magnetic field line from this source
passes thousands of kilometers to the west of Fermi , so if any charged particles were
emitted, they would not be transported to Fermi .
At the time of the GW event Fermi was at low geomagnetic latitude and was
not near the SAA. While we cannot exclude a magnetospheric origin for GW150914GBM, the observing conditions were not conducive to such an event, nor is the
lightcurve typical of magnetospheric activity, which is usually manifested as longer
and smoother (tens of seconds) bumps above background.

5.2.2.5

Search for Steady Emission

Using various search techniques, we found (i) no evidence for long-term steady emission from the direction of GW150914-GBM, (ii) no evidence for contamination by
known sources of hard X-ray emission of any search for emission related to GW150914-

122

GBM, and (iii) no evidence for non-impulsive emission related to the GW event in
the days surrounding the event.
In addition to GBM’s role as a powerful detector of transient, impulsive
sources, the Earth Occultation technique (EOT) allows GBM to perform as an allsky monitor of sources emitting hard X rays at levels typically undetectable above
the GBM background. This technique involves modeling the GBM background count
rates when a potential source of hard X rays sets or rises from behind the Earth. Candidate sources are monitored5 with around 100 significantly detected to date above
10 mCrab between 12 and 25 keV (Wilson-Hodge et al., 2012). Of the 246 sources
that are monitored, five lie within 5◦ of the LIGO localization region for GW150914:
LMC X-2, the flat spectrum radio quasar PKS 0601-70, the gamma-ray binary system 2FGL J 1019.0-5856, and the accreting X-ray binary pulsars GRO J1008-57 and
RX J0520.5-6932 (which was detected in hard X-ray emission by Swift Burst Alert
Telescope (BAT) in 20136 ). Only GRO J1008-57 has previously been detected by
GBM through the EOT. Both of the accreting pulsars lie within 3◦ of the LIGO error region and have been detected in the past through the GBM pulsar monitoring
program, which is more sensitive to pulsed emission than the EOT is to non-pulsed
emission. We looked for pulsed emission from these accreting pulsars on 2015 September 14 and find they are not currently active. We also used a blind frequency search
for pulsed emission from 24 positions along the Galactic plane and from the direction
of the Small and Large Magellanic clouds. We did not detect any signal within or
5
6

http://heastro.phys.lsu.edu/gbm/
http://swift.gsfc.nasa.gov/results/transients/
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near the LIGO localization region. In any search for long-lived emission in the days
around the detection of the GW event, we do not, therefore, expect contamination
from known sources of hard X-ray emission above the GBM EOT and accreting pulsar
detection thresholds.
The daily sensitivity of the EOT is about 100 mCrab. The EOT can resolve
signals from sources 2◦ apart. We divided the full LIGO arc into 34 resolvable positions (all but one along the southern lobe of the arc) and looked for mission-long
activity from these positions, as well as daily emission around the time of the GW
event. We examined 3 years of data using the EOT, from 2013 January 1 through
2016 January 29. Long-term averages were consistent with no detections for the 12
– 25, 25 – 50, 50 – 100, 100 – 300, and 300 – 500 keV energy bands. We also looked
for emission on a daily time-scale for the month of September 2015 without detecting
any of the sources during the month surrounding the LIGO GW event time.
The Earth occultation technique fails to measure source fluxes if the angle
between the tangent to the Earths limb and the spacecraft orbit normal, β, exceeds
66.5◦ . At grazing incidence, the Earth occultation transition becomes too extended
in time (>20 s from 100% – 0% atmospheric transmission), and at β values beyond
grazing incidence, the source is not occulted by the Earth at all. This occurs at
certain points in the ∼ 50-day Fermi orbital precession cycle for high declination
sources (> ±40◦ ) owing to the relative geometry of the source position and the Fermi
orbital inclination of 26.5◦ . Only 13 of the targets, with right ascensions from 48
– 77◦ , and the northern lobe position, had usable Earth occultation measurements
spanning the time of the LIGO event. The remaining targets with right ascensions
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from 74 – 155◦ had no usable Earth occultation measurements from before the time
of the LIGO event until 2 or more days after GW150914. Another way to look at this
is that these unocculted positions never set behind the Earth and were observed by
GBM with 85% exposure, losing only the time that Fermi crossed through the SAA.
For much of the LIGO arc during the days around the GW event detection, GBM
was thus exceptionally sensitive to any impulsive emission that would have triggered
the instrument.
If GW150914-GBM is related to the GW event, and the localization is in the
region of the LIGO arc with β ∼ 66.5◦ , i.e. very close to being occulted by the
Earth, then grazing Earth occultations could be responsible for a reduction of flux
below 50 keV through atmospheric absorption (Figure 5.6) and could potentially be
used to further improve the source location. Lower energy photons, e.g. 12 – 25
keV can be fully blocked (0% atmospheric transmission) before the 100 – 300 keV
band reaches 50% transmission. We cannot exclude the possibility that the spectral
analysis (and thus the luminosity estimate) is affected by partial, energy-dependent
atmospheric absorption of the signal, but the spectral deconvolution of the data from
NaI 5 (section Section 5.2.2.2) does not suggest a deficit of counts below 50 keV
relative to the model. It is more likely that the source is not close to being occulted
by the Earth and, instead, that the hard spectrum observed in most of the detectors
is a mixture of intrinsic spectral hardness and the large viewing angles to most of NaI
detectors which lead to preferential detection of higher-energy photons and absorption
of photons of lower energy in the instrument material behind the scintillator.
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5.2.3

Discussion and Outlook For joint LIGO-GBM science

GBM observed over 75% of the probability in the GW event sky location at the
time of GW150914. A weak hard X-ray transient lasting around 1 s was detected
above 50 keV 0.4 s after the GW event using a technique developed to find short
transients in the GBM data in coincidence with sub-threshold GW events. The
chance probability of finding such an event within the time interval we searched is
0.2% following the assumption, made a priori, that the likelihood of a counterpart
associated with the GW event is higher for an event closer to the time of the GW
event, and 2.8% if we assume equal probability of association across the 60 s search
window. The GBM signal is localized to a region consistent with the LIGO sky
map, with a large uncertainty on the location. If the transient event uncovered in
the GBM data is associated with GW150914, then it is possible its origin under
the Fermi spacecraft, combined with the weakness of the source, can account for
the lack of confidence associated with the standard localization procedure applied to
this event. If we assume the LIGO and GBM events have a common origin, then
combining the LIGO and GBM localization maps reduces the LIGO localization area
by 2/3.
The transient event cannot be attributed to other known astrophysical, solar,
terrestrial, or magnetospheric activity. The distribution of detected counts as a function of energy appears reasonable among detectors across the energy range 50 keV
– 4.8 MeV. Spectral deconvolution yields a fluence (68% confidence level) over the
−7
1 s duration of 2.4+1.7
erg cm−2 between 10 keV and 1 MeV, comparable to
−1.0 × 10
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moderate intensity short GRBs on which GBM has triggered. This implies that with
a more favorable arrival geometry, this event could have triggered GBM on-board at
the time of the GW detection, providing a real-time localization within seconds of
the trigger. A real-time electromagnetic counterpart to a GW event informs followup observers that an afterglow signal may be detectable along the line of sight, and
the GBM location helps in reducing the number of observations needed to cover the
LIGO localization region.
The collection area of SPI-ACS is a factor of ∼ 30 − 40 times greater than
that of a GBM BGO detector, but the upper limits imposed by the non-detection of
GW150914-GBM by SPI-ACS are close to the fluence values calculated for the GBM
transient, despite the unfavorable source direction for GBM and the optimum source
direction for SPI-ACS. Because of uncertainties in the energy spectrum and location
of GW150914-GBM, and because of instrumental and background systematic effects
on the calculation of the fluence of GW150914-GBM, any tension between the GBM
and INTEGRAL SPI-ACS observations will likely be resolved only with future joint
observations of GW events.
The detection of an electromagnetic counterpart to a merger of stellar mass
black holes would be a surprising event. Kamble and Kaplan (2013) explore possible weak signatures to such mergers, with uncertainties surrounding the formation of
circumbinary disks and associated magnetic fields. Although circumbinary disks are
expected to form around supermassive black holes (Mayer et al., 2007), there is no
such prediction for stellar mass systems. Moreover, the GBM signal appears similar
to a short GRB, both in duration (less than 2 s), and in energy spectrum (peaked
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near an MeV). Models for short GRBs from compact binary progenitors always involve a neutron star, with short GRBs more easily produced from two neutron stars,
unless the black hole companion has a high initial spin (Giacomazzo et al., 2012). A
49
luminosity of 1.8+1.5
erg s−1 (between 1 keV and 10 MeV) for a short GRB,
−1.0 × 10

assuming the source distance of 410+160
−180 Mpc implied by the GW observations (Abbott et al., 2016a), is an order of magnitude dimmer than the peak luminosities of
the dimmest short GRBs in the sample analyzed by Wanderman and Piran (2015).
By another measure of brightness, the isotropic-equivalent energy release, also measured between 1 keV and 10 MeV, GW150914-GBM would also be dimmer than most
short GRBs, but similar in magnitude to GRB050709 and GRB080905A, which were
also nearby (z=0.161 and 0.122, respectively), and an order of magnitude dimmer
in isotropic-equivalent energy release than the next dimmest short GRB reported in
Giacomazzo et al. (2012) and D’Avanzo et al. (2014). If GW150914-GBM is a short
GRB, then it was detected only because it was nearby. Based on the population of
short GRBs with known redshifts, the contribution of such under-luminous events to
the overall short GRB population detected by GBM is negligible, unless they form a
separate class of nearby, sub-luminous events.
Our observation of GW150914-GBM has spurred investigations into complementary observations that may reveal afterglow signatures of such events (Yamazaki
et al., 2016; Morsony et al., 2016), a possible mechanism to extract high-energy emission from stellar mass black hole mergers (Zhang, 2016), unusual environments for
the black hole merger that may lead to sufficient surrounding material to fuel the production of the GRB (Loeb, 2016; Perna et al., 2016), implications of our observation
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if the association between GW150914 and GW150914-GBM is real (Ellis et al., 2016;
Li et al., 2016), as well as arguments against the association being real, based on the
difficulties extracting enough energy from the black hole merger (Lyutikov, 2016).
Further observations by LIGO and Virgo in coincidence with a detector sensitive to hard X-ray or gamma-ray transient events will determine whether short bursts
of high-energy electromagnetic radiation accompany stellar mass black hole binary
mergers. Because of the weakness of GW150914-GBM and its large localization uncertainty, chance coincidence may play a role in both the identification of GW150914GBM as an astrophysical phenomenon and its association with the GW event, even
with the false alarm probability of 0.0022 that we calculate in Section 5.2.1.2. If
the association is real, then the alignment of the merger axis with our line of sight
may be attributed in part to the greater sensitivity of LIGO to on-axis events, but
we would not expect most GW signals from BH mergers to be accompanied by the
detection of collimated electromagnetic transients. Another possibility is that the
electromagnetic emission is not narrowly collimated and we can expect further joint
detections of stellar mass black hole binary mergers and GRBs. This paradigm may
be in tension with the non-detection of GW candidates in the last science runs of the
previous configuration of LIGO/Virgo, S6/VSR2&3 (Blackburn et al., 2015b). None
of the GRBs with known redshift detected during S6/VSR2&3 was within the BH-BH
detection horizon (∼100 Mpc). It is possible, however, that some of the 90% of GRBs
with unknown redshifts were within the BH-BH horizon, which is, nonetheless, much
closer than most short GRBs.
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Analysis of the GBM data corresponding to all sub-threshold GW events from
the O1 initial science operation period of LIGO is in progress. We have developed
pipelines and data products to rapidly search the GBM data for counterparts to any
GW events and communicate their localization to electromagnetic observers within
hours of the GW event (depending on data downlink from the Fermi spacecraft).
Given the detection of GW150914 as a GW event from a stellar mass black
hole binary system, then with all but the most pessimistic predictions, the detection
of the weaker GW signals from neutron star binary systems is expected no later than
2019, when LIGO/Virgo reach full sensitivity. If this detection occurs during O2, the
second observing run of LIGO and the initial deployment of Virgo, expected later
in 2016, our GBM-LIGO/Virgo pipelines are ready. Even if the association between
GW150914-GBM and GW150914 is spurious, we expect to detect short GRBs from
neutron star binary systems. With its broad field-of-view and good sensitivity at the
peak emission energies for short GRBs, Fermi GBM is an ideal partner in the search
for electromagnetic signals in coincidence with gravitational wave detections. Joint
observations by Fermi and LIGO/Virgo will either confirm or exclude the connection
between compact binary systems and short GRBs within a few years.

5.2.4

GW150914-GBM Paper Appendices

Owing to the ensuring controversy over GW150914-GBM I have placed the original
paper’s appendices here, instead of as a separate Appendix, as they clarify much of
the misunderstanding.

130

5.2.4.1

A Targeted Search of GBM Data

The targeted search attempts to identify short-duration (∼1 s) excesses of counts
recorded across the detectors that stand out over a smoothly-varying background and
that are consistent with a modeled point-source contribution from an astrophysical
event. The seeding is done in time and sky position, where the seed time defines a
limited (∼minutes) period of time to scan, and a seed sky position prior can be used
to inform the model prior.
The short-duration excess of counts from an astrophysical event are hypothesized to occur over a foreground interval [t−T /2, t+T /2]. Trial foreground durations
T are spaced in powers of 2 between 0.256 and 8.192 seconds, and for a given duration,
central times t are chosen at 75% time-interval overlap. This choice approximately
preserves signal-to-noise mismatch across the search space. The technique was developed prior to the availability of CTTE data, using CTIME data, which are natively
binned in 0.256 s accumulations with counts binned in 8 energy channels. The counts
registered in the 14 GBM detectors and 8 energy channels are evaluated independently
for each detector-channel combination. For each short foreground interval [t − T /2,
t + T /2], we estimate the background rate at t using a polynomial fit to local data
from [t − 10T , t + 10T ] (minimum ±5 s), excluding time [t − 3T /2, t + 5T /2] around
the foreground interval to avoid bias from an on-source excess. The polynomial degree is determined by the interval length to account for more complicated background
variability over longer intervals. It ranges from 2 (minimum) to 1+0.5 log2 T .
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A likelihood-ratio statistic is constructed for measured counts within this foreground interval that compares the hypothesis that detector counts arise from the
expected background contribution plus a modeled signal (hypothesis H1 ) to the hypothesis that observed counts arise from variations in estimated background rates
alone (hypothesis H0 ). The likelihood of observed background-subtracted counts
d̃i = di − hni i to have arisen solely from background fluctuations alone is,
2

P (di |H0 ) =

Y
i

d̃i
1
√
exp − 2
2σni
2πσni

!
(5.1)

where i runs over all independent measurements from detector-channel combinations
(14 detectors, 8 channels) and σni represents the standard deviation for each measurement under a Gaussian approximation to the Poisson process. If we include expected
source contributions ri s (source amplitude s subject to instrument response ri ) to
each measurement from a modeled source, the likelihood becomes,

P (di |H1 ) =

Y
i

1
(d̃i − ri s)2
√
exp −
2σd2i
2πσdi

!
(5.2)

where a different standard deviation σdi is used because the source contribution adds
additional Poisson variation and systematic error. Assuming Poisson and systematic
errors can be approximated as Gaussian,

σd2i = σn2 i + ri s + σr2i s2
σn2 i = hni i + σb2i
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(s ≥ 0)

(5.3)
(5.4)

where hni i is the estimated background, σr2i represents systematic error in the model
response, and σb2i represents systematic error in the estimated background (e.g. fit
uncertainty). The log likelihood-ratio ln[P (di |H1 )/P (di |H0 )] captures the relative
support in the data for hypothesis H1 vs H0 , and ranks plausible foreground windows
in the GBM data.
Through the predicted counts ri s, the likelihood-ratio is dependent on assumed
source amplitude at the Earth s, as well as source spectrum, position on the sky, and
Earth position (during the foreground interval) – all of which influence the model
response ri . A semi-analytic approximate marginalization over source amplitude s
is performed in log-likelihood space, using a power-law prior that favors directions
in which the detector array is more sensitive. Marginalization over source location
and spectrum is done numerically, after folding in any potential location prior. The
maximum-likelihood spectrum is also recorded in order to further classify events.
The use of a foreground interval has implicitly assumed a rectangular light-curve
prior with constant spectrum. Marginalization is not done over foreground interval,
instead a down-selected set of non-overlapping foreground windows with maximum
likelihood are saved as event candidates. Further details are provided in Blackburn
et al. (2015b).

5.2.4.2

Significance of Two-Parameter Coincidence

Consider a background of Poisson-distributed events (Ross, 2014) with a particular
rate distribution in threshold parameter ρ, thus the density and cumulative distributions are dλc /dρth and λc (ρth ) where we have used subscripts on λc and ρth to
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emphasize the use of cumulative rate (rate of events with ρ > ρth ). We would like to
calculate the significance (accidental coincidence probability) of an event from this
population falling within T of a time-of-interest t0 . Ordinarily one could pick in advance a single threshold ρth giving a single rate λc , then use the Poisson probability
of falling within a certain time window P (∆t < T ) = 1 − e−λc T ≈ λc T for small P . If
many different thresholds are tested, the accidental coincidence probability may be
multiplied by a trials factor representing the different effective populations of events.
It is convenient to not have to choose a particular threshold in advance, and
thus be able to consider a wide range of possible event rates. In this case, one must
generate a single detection statistic to rank plausible coincidences between events
characterized by the two parameters ρ (or equivalently λc ) and T (closeness to t0 ).
A natural ordering is by inverse false-alarm probability R = (λc T )−1 . λc T was the
original accidental coincidence probability P for a single threshold, but in this case we
must add up contributions to accidental coincidence from all possible combinations
of λc and T in order to get a faithful representation of the probability of a coincidence
happening with greater R than our event under consideration. We can calculate the
expected number of more highly-ranked events,

Z

∞

N (R > 1/λc T ) =

Z
dλ

0

λc T /λ

dt e−t dλ

(5.5)

0

By representing the calculation as a sum over slivers of dλ, we can conveniently
bypass details about the actual shape of λc (ρth ). Each sliver actually has the same
Poisson distribution dλ e−t dλ = dλ + O(dλ2 ) since they all cover the same amount of

134

differential rate. However the order itself is determined by the cumulative rate, which
sets the limit of integration. The exponential reduces to first-order in infinitesimal
dλ (flat) and the integral becomes,

Z

λmax

N (R > 1/λc T ) =
λmin

λc T
dλ
= λc T ln
λ



λmax
λmin


(5.6)

Where λmax and λmin are necessary for convergence.
λmax is naturally constrained by the production threshold of the events, or
by the minimum measurable coincidence time λmax Tmin = λc T . We can also choose
a maximum coincidence window Tmax , up to the live-time of the experiment, to set
λmin Tmax = λc T . Events from 0 < λ < λmin will still contribute to the accidental
coincidence probability but subject to a bounded interval of time Tmax . Therefore we
need to add a constant to the expectation value equal to λc T . Under these constraints
the expected number becomes,




λmax Tmax
N (R > 1/λc T ) = λc T 1 + ln
λc T



Tmax
N (R > 1/λc T ) = λc T 1 + ln
Tmin

or

(5.7)
(5.8)

depending on choice of using λmax or Tmin . A two-sided coincidence window will
multiply N by a trials factor of two. The accidental coincidence probability P ≈ N
for small N .
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5.2.4.3

Detector Data for GW150914-GBM

Figure 5.6 shows the count rate registered in all 14 GBM detectors, with a zero time
centered on the detection time of the GW event. In Figure 5.7, the counts are summed
over all the detectors. The time binning of 1.024 s was one of six time-scales (from
0.256 to 8.192 s in multiples of two) selected a priori during the optimization of
the search procedure, and was the most significant time-scale over which GW150914GBM was detected. We subsequently optimized the phasing of the 1.024 s bins to
produce the largest significance, which is higher than the significance in the initial
60 s search window (Figure 5.2). The shaded region shows this optimized 1.024 s
interval, which begins 0.384 s after the GW event, at 09:30:45.775 UT.
The three low 1.024 s bins in Figure 5.7 that precede the high bin are consistent with a normal background fluctuation. Other similar excursions, positive and
negative, are seen in the panel showing the longer time span. The decrease cannot be
caused by anything blocking photons: for this energy range, only a very bright and
hard transient would be strong enough for a single source going behind the Earth to
cause a rate decrease. Nor could a data issue have caused the photons to “move”
from the low bins to the high bin that we attribute to GW150914-GBM, because the
GBM hardware time-tags individual photons as they arrive. There is a known GBM
hardware anomaly in which dips and peaks in a time history are digitally created.
For one second the GBM clock is mis-set by 0.1 s. This has the effect of shifting a
block of counts by 0.1 s, leaving a 0.1 s interval with no counts and another 0.1 s
interval with double counts – shifted and correct. These “timing glitches” are un-
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derstood and have been extensively studied since they are readily found by the TGF
(Briggs et al., 2013) and GRB offline searches. While there are some variations on
this pattern, all timing glitches are definitively revealed by a time interval of duration
tens of milliseconds with no counts from any detector. We have examined the data
at higher resolution than shown in Figure 5.7 and no timing glitches are present. We
have also investigated the possibility of any telemetry issues or anomalies suggestive
of data problems and we find that everything on the spacecraft and in our ground
processing was operating nominally.
The lack of a prominent, bright signal in a detector or pair of detectors accounts
for the non-detection of this event on-board and in the undirected offline search. None
of the detectors reaches the single-detector threshold of the offline search, indicating
an event much weaker than the limiting sensitivity of the undirected search. The
fact that all the NaI detectors, and both BGO detectors, register counts above the
background fit is unusual. In an ad hoc experiment to quantify how unusual it is, we
looked through 30 days (1.7 million seconds of livetime) of data for similar features
showing high multiplicities of detectors above or below the background level. The
signature required both BGOs to exceed background by ≥ 2σ, at least two NaI
detectors with ≥ 2σ, and at least six additional NaI detectors with signal levels ≥ 1σ,
for a total of eight NaI detectors and two BGO detectors with signal requirements.
Three timescales of the 1.024 s binned data: 0.7 s, 1.0 s, and 1.4 s, were searched using
four search window phases and five energy ranges, including those in the lightcurve
shown in Figure 5.7.
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Figure 5.6: Count rates detected as a function of time relative to the detection
time of GW150914, in each of the 14 GBM detectors. The shaded region is the time
interval of GW150914-GBM, beginning 0.384 s after GW150914, at 09:30:45.775 UT.
Time bins are 1.024 s wide and the red line indicates the background. The blue
lightcurve was constructed from CTTE data, rebinned to optimize the signal-to-noise
ratio. The 0.256 s CTIME binning is overplotted on the 1.024 s lightcurve. NaI data
are summed over 50 – 980 keV and BGO data over 420 keV – 4.7 MeV. The detector
angles to different sky positions on the LIGO localization map are given in Table 5.2.

GW150914-GBM exceeds these requirements (Table 5.1), with two NaI detectors above 2σ and eight additional NaI detectors above 1σ. The search found 20
candidates (including GW150914-GBM), 14 excesses, and 6 deficits, giving a 90%
confidence level upper limit of 27.8 total candidates. If we consider these candidates
to be non-astrophysical, this suggests a background rate of one per 6.12×104 s imply-
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Figure 5.7: Count rates detected as a function of time relative to the detection time
of GW150914, summed over all 14 GBM detectors. NaI data are summed over 50 980 keV and BGO data over 420 keV – 4.7 MeV. Time bins are 1.024 s wide, with
the same time binning as in Figure 5.6, and the red line indicates the background
level. The blue lightcurve was constructed from CTTE data, rebinned to optimize
the signal-to-noise ratio. The signal-to-noise ratio for this lightcurve, summed over
all detectors in the selected energy range, is 6σ. In the top panel, the 0.256 s CTIME
binning is overplotted on the 1.024 s lightcurve. The dip before the spike associated
with GW150914-GBM is not significant. Such dips are common in stretches of GBM
data, as can be seen in the longer stretch of data on the bottom panel. A 1600 s stretch
of data centered on GW150914-GBM, with 1.024 s binning, shows 100 runs each of
positive and negative dips lasting 3 s or longer relative to a third-order polynomial fit
background over the 1600 s time interval, with 55 (38) negative (positive) excursions
lasting 4 s or longer.
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Table 5.1: GW150914-GBM measured excess above background in the GBM detectors in σ deviation from a background fit for the 1.024 second high bin in Figure 5.7.

NaI 0
1.31
NaI 6
1.31
BGO 0
2.25

NaI 1 NaI 2
1.81
0.64
NaI 7 NaI 8
1.64
1.45
BGO 1
2.56

NaI 3
1.05
NaI 9
2.20

NaI 4 NaI 5
2.42
1.68
NaI 10 NaI 11
1.61
0.66

ing a chance coincidence of 1.0 × 10−3 for a signal to accidentally match the signature
of GW150914-GBM in a 60 s period.
Figure 5.8 and Figure 5.9 shows the lightcurve in the summed NaI and BGO
detectors, respectively, divided into the eight native CTIME energy channels, with
the energy ranges indicated in the panels. These lightcurves show that GW150914GBM has a very hard spectrum, with little to no signal below 50 keV and a peak
in the spectrum for the NaI detectors in the 290 – 540 keV band. Above 300 keV,
photons deposit little of their energy in the thin NaI detectors so that the measured
energy is much lower than the true incident energy. A significant count rate in this
energy band in the NaI detectors implies an incident flux of higher-energy photons,
consistent with the BGO count spectrum that extends into the MeV energy range.
BGO is a higher-Z material and the detectors are thick, so that incident MeV photons
deposit most or all of their energy in the scintillator and the measured energy is a
good estimate of the incident energy. Both the NaI and the BGO count spectra look
reasonable, with no indications that the event is a statistical fluctuation: there are no
gaps in the spectra between 50 keV and 980 keV for the NaI detectors and between
420 keV and 4.7 MeV in the BGO detectors, as one would expect if the event were
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Figure 5.8: Detected count rates summed over NaI detectors in 8 energy channels,
as a function of time relative to the start of the GW150914. Shading highlights
the interval containing GW150914-GBM. Time bins are 1.024 s in duration, with
the 0.256 s CTIME lightcurve overplotted in green, and the red line indicates the
background level.

spurious; the signal increases with energy, peaks, and then decreases, as expected
from a real source; and the NaI and BGO energy spectra are consistent with each
other.

5.2.4.4

Localization of GW150914-GBM:

Source localization involves a comparison of the observed rates in all 12 NaI detectors
with the rates expected from a source at one of 41168 positions that cover all possible
arrival directions in the spacecraft reference frame.
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Figure 5.9: Detected count rates summed over BGO detectors in 8 energy channels,
as a function of time relative to the start of the GW event. Shading highlights
the interval containing GW150914-GBM. Time bins are 1.024 s in duration, with
the 0.256 s CTIME lightcurve overplotted in green, and the red line indicates the
background level.

The 50 to 300 keV energy range is the standard selection for source localization,
both to minimize the effect of short time-scale variability contributed by galactic
sources such as Sco X-1 (which have steeply falling energy spectra above 20 keV) and
to maximize the counts in the energy range in which the detector spectral response
is very good (response and energy accuracy fall above 300 keV). This energy range
captures the peak in the spectral energy distribution for most GRBs. Model rates are
calculated for the detector response to sources with the three different energy spectra
described in Section 5.2.1.1. The most likely arrival direction is the one in which χ2 is
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minimized in a comparison of background-subtracted observed and model rates on an
all-sky grid of 1◦ resolution, as described in Connaughton et al. (2015). This process
yields a localization in both equatorial and galactic coordinates and a 68% statistical
uncertainty radius, σ. The uncertainty region covers all the grid points that lie within
2.3 units of the χ2 minimum, and σ is calculated assuming the uncertainty region is
a circle. In practice the uncertainty region can be irregular in shape and, for weak
events, it may be composed of disjoint islands, so that σ is a measure of the size of
the uncertainty region but is not always a good guide to its shape.
Standard localization of GW150914-GBM
The localization of GW150914-GBM finds a best fit to the hard model spectrum and yields a position of RA, Dec = 57, -22 deg with a 68% statistical uncertainty
region over 9000 square degrees (σ = 54◦ ). In addition to the large uncertainty, the χ2
suggests a bad fit to the observed rates that would have failed a bad-χ2 cut applied
in the regular GBM localization procedure for GRBs (Connaughton et al., 2015).
The best-fit location is towards the Earth but the large uncertainty on the location
allows an arrival direction from the sky. Figure 5.6 shows that the rates in the NaI
detectors are not very high above background and the differences among them do not
allow much discrimination of arrival direction. GBM detectors register signal counts
directly from a source and also record a source signal from gamma rays scattering in
the Earth’s atmosphere, with a magnitude determined by the source-Earth-detector
geometry. When finding the most likely arrival direction for an event, the localization
algorithm fits both a direct and atmospheric component that takes into account the
position of the Earth in the spacecraft coordinate system at the time of the obser143

vation. At the time GW150914-GBM was detected, only one of the NaI detectors
had a favorable Earth-viewing angle. The detector normal of NaI 11 was oriented at
39◦ to the Earth, yet registered the lowest signal above background of any detector,
suggesting that whatever the source direction, the atmospheric component was not
large. NaI detectors 0 through 5 were not susceptible to any flux from the atmosphere
because they faced the sky with the spacecraft positioned between the detectors and
the Earth. There is no weighting in the localization algorithm to disfavor the part
of the sky that is occulted by the Earth – the algorithm uses only the relative rates
in the NaI detectors to reconstruct the most likely arrival direction after modeling
the response to both direct and atmospheric components at each tested sky position
(even those behind the Earth), taking into account the position of the Earth when
evaluating the atmospheric component.
Since the detection of GW150914, the analysis of the LIGO data has resulted
in a refinement of the GW event localization, including a new map (LVC, 2015a) that
places most of the probability in the southern portion of the original arc, with only
6% in a northern sliver of the arc. Most of the arc lies at a large angle, θ, to the
spacecraft zenith, almost entirely under Fermi . Figure 5.1 shows that part of the
southern portion of the arc (25% of the probability) is hidden to Fermi by the Earth.
The rest of the arc lies above the horizon, at low elevation above the Earth to Fermi .
We note that for sources at low elevation, the atmospheric component of the signal
is low relative to the direct component (Pendleton et al., 1999; Harmon et al., 2002),
compatible with the low count rate observed in NaI 11. The position RA, Dec = 57,
-22 deg returned by our localization procedure is roughly consistent with the LIGO
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arc. Different data interval and background selections of the GBM data used in the
localization led in some cases to localizations at the spacecraft zenith, an indication
that the localization process was not converging.
GBM is a background-limited instrument and this event is much weaker than
any GRB we would normally localize based on either an on-board or offline detection.
The signal to noise ratio in each detector is low and affected by fluctuations in the
background rates. We reported in Blackburn et al. 2015a that we could not constrain
the location of the transient event uncovered in our search. We have, since then,
investigated our data more closely.
We do not use the BGO detectors in the standard localization process, because
their angular response depends only weakly on the source direction compared to the
response of the NaI detectors. Also, because the flux from sources detected by GBM
declines with increasing energy – and, for GRBs, falls more steeply above Epeak ∼
100 – 500 keV – source signals are usually more intense in the NaI detectors than in
the BGO detectors. For GW150914-GBM, the signals in individual NaI detectors are
weak. The fact that there is a detectable signal in the BGO detectors suggests that
if the event is real, then for any reasonable source energy spectrum, it arrived from
a direction preferentially viewed by BGO detectors relative to NaI detectors. This
picture is compatible with a source direction underneath the spacecraft.
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Dec

-72.9
-73.9
-72.9
-70.4
-66.6
-62.5
-58.0
-53.1
-48.2
-43.2
-7.3
-73.

RA

84.0
102.0
118.3
132.0
140.9
147.5
151.2
153.4
153.9
155.3
151.2
75.

SC
φ
342
349
354
357
358
359
358
360
359
358
342
348.

SC
θ
160
156
151
147
142
137
132
127
122
116
84
163.

NaI
0
144.8
139.9
134.9
129.9
125.2
120.3
115.5
111.2
106.7
102.5
75.4
147.
1
122.0
117.1
112.3
107.6
103.3
98.8
94.5
90.8
87.1
83.7
66.7
124.

2
83.1
79.2
75.6
72.4
69.9
67.4
65.5
64.7
64.0
64.1
76.2
84.

3
117.8
115.2
112.0
108.5
104.4
100.3
96.0
91.2
86.6
81.7
45.6
120.

4
76.1
75.4
74.2
72.8
70.7
68.9
66.9
64.0
61.6
58.6
39.5
78.

5
71.2
66.5
61.6
56.7
51.7
46.7
41.7
37.0
32.2
27.7
21.9
74.

6
161.5
161.6
159.9
157.0
153.1
148.8
144.3
139.4
134.5
129.5
93.6
162.

7
142.0
145.5
148.3
150.1
150.5
150.2
148.8
145.9
142.8
138.9
105.2
141.

8
97.3
101.3
105.0
108.3
110.9
113.5
115.6
116.5
117.4
117.4
105.6
96.

9
149.2
149.4
149.3
149.0
148.7
147.5
146.2
145.2
143.5
141.9
124.1
148.

10
103.3
104.1
105.4
106.9
109.0
110.9
113.0
115.9
118.4
121.4
141.1
102.

11
108.6
113.4
118.3
123.2
128.2
133.2
138.2
142.9
147.7
152.1
157.9
106.

BGO
0
70.8
66.1
61.3
56.5
51.5
46.5
41.5
36.7
31.8
27.1
18.7
73.4

1
109.2
113.9
118.7
123.5
128.5
133.5
138.5
143.3
148.2
152.9
161.3
106.6

Prob.
%
12.1
10.0
10.3
11.2
10.3
7.4
5.8
3.7
1.8
2.0
4.8
N/A

Table 5.2: Sky locations on LIGO localization arc for GW150914 that were visible to GBM at the time of the GW event.
The first 10 are on the southern lobe, which contains 94% of the probability. The positions are 5◦ apart. Positions are given
in equatorial (Right Ascension and Declination) and spacecraft (φ, θ) frames. The Large Area Telescope (LAT) boresight is at
spacecraft zenith, θ = 0◦ . Angles to each detector normal are listed for each position. The final column shows the % probability
of the LIGO sky map contained in a slice of the arc centered on each position. The 11th position is on the northern lobe, which
contains 6% of the probability of the localization of GW150914. The positions behind the Earth to Fermi contain 25 % of the
probability and are not listed here. The final position listed in the table is the best localization for GW150914-GBM. All angles
are given in degrees.

We perform simulations to quantify how well we expect to localize weak signals
that come from directions along the LIGO arc. We divide the LIGO arc into 11
positions, 10 on the southern portion, one in the north, excluding the parts of the arc
that were occulted to Fermi . The positions are listed in Table 5.2, which shows each
position in celestial equatorial and spacecraft coordinates, the angle to each of the NaI
and BGO detectors, and the probability of the LIGO source lying near each position,
based on the LIGO location map. The positions are ∼ 5◦ apart, comparable to the
accuracy with which GBM could localize a weak triggered transient source using the
standard localization techniques. NaI 5 is the only NaI detector with a source angle
less than 60◦ for several of the southern lobe positions. Above an incidence angle of
60◦ , the angular response of the NaI detectors drops significantly. The detectors are,
however, not shielded and thus can register counts from any angle, including through
the back of the detectors, which can detect gamma rays or cosmic rays with about
20% efficiency relative to on-axis particles.
We calculate the expected count rates in each detector between 50 and 300
keV using the detector responses for each of the 10 positions along the southern lobe
of the LIGO arc and a normalization based on the observed event signal. For each
position, we add background rates derived from the observed background rate at the
time of the detection of GW150914-GBM, and apply Poisson fluctuations to both
source and background in 1000 iterations of the 1 s event at each position. Using
the background-subtracted count rates in each simulated event, we assess our ability
to localize such a weak source using our standard localization process. The majority
of the simulated events are reconstructed near the arc containing the true positions,
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with large uncertainties. Count rate fluctuations can lead to poor localizations in
the wrong part of the sky. We note that a significant number of simulated events
(17%) are placed behind the Earth. A simulation of the final position in Table 5.2
covering the northern lobe of the LIGO arc places 4% of the localizations behind
the Earth but, unlike the southern lobe, these localizations behind the Earth have
consistently large σ and bad χ2 . We conclude that the localization of the observed
event GW150914-GBM behind the Earth with a large uncertainty region of 9000
square degrees is not inconsistent with an origin along the LIGO localization arc,
most likely on the southern lobe.
Refined localization of GW150914-GBM:
We attempt to refine the GBM localization by examining a broader energy
range than the standard 50 – 300 keV. Noting from Figure 5.8 that much of the observed signal occurs above 300 keV, we produced model rates using the soft, medium,
and hard spectral models in various energy bands, between 50 – 1000 keV, 50 – 540
keV, 100 – 1000 keV, and 100 – 540 keV. We used the standard localization procedure, minimizing χ2 for the observed rates in each of the energy ranges relative to
the model rates in that energy range. The localization in each case returned a similar
position for the most likely origin of the source, always slightly behind the Earth,
and always at θ ∼ 160◦ . The probability contours are more bounded than those from
the 50 – 300 keV localization. The probability maps cover similar regions of sky for
all four localizations. The smallest statistical uncertainty was found using the 100 –
1000 keV energy band. A minimum was found at RA, Dec = 75, -73 deg with a 68%
confidence region covering about 3000 square degrees (σ = 30◦ ) and a preference for
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Figure 5.10: GBM localization of GW150914-GBM using NaI detector counts in
the 100 – 1000 keV energy range, shown in celestial equatorial coordinates. The
best localization is marked with an asterisk and the brown contour indicates the 68%
confidence level region for this localization. The best GBM localization is just behind
the Earth’s limb (shaded blue) with a large uncertainty contour that significantly
overlaps the southern lobe of the LIGO location arc (indicated as 11 grey circles).
Simulations in the 100 – 1000 keV range of the localization of a weak source from
each of these 11 positions along the LIGO localization arc indicate how well GBM
localization is expected to perform for a source as weak as GW150914-GBM with the
same source geometry relative to the spacecraft. The red and blue contours show the
68% containment for the simulated locations from the southern (lower) and northern
(upper) lobe, respectively. The GBM localization overlaps both sets of simulated
localizations, with a better match to those from the southern lobe.
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the hard spectral model. The uncertainty contours are broad but constraining. With
a source this weak from this direction in the spacecraft frame, we reach the limit of
being able to use the angular response of the NaI detectors to localize a source. The
measurement of equal rates in most NaI detectors allows the localization to converge
to a region under the spacecraft with slight discrimination in favor of one or another
detector cluster but no further refinement. We can, however, say that the general
source direction is consistent with the LIGO arc and define a fairly large region on
the sky from which the signal must originate.
We include only statistical uncertainties in our location map. The standard localization process using the 50 – 300 keV energy range was found to have a systematic
component on the order of 3 – 4◦ for a sample of 200 triggered GRBs (Connaughton
et al., 2015). We do not expect the systematic error to be much different using the
100 – 1000 keV energy range, particularly when compared to the size of the statistical
uncertainty when localizing an event this weak, but we note that our characterization
of triggered GRB localizations may not be applicable to these weak events that are
more affected by background fluctuations comparable in size to the signal strength.
Additionally, although the localization uses the standard GBM procedure, the quality
of the localizations has not been assessed using non-standard energy ranges and our
uncertainty calculations do not include any systematic component.
Figure 5.10 shows the best position and the associated 1σ uncertainty contours
for the localization performed using data between 100 and 1000 keV. The parts of
the LIGO arc visible to Fermi are shown as a series of points (with positions listed
in Table 5.2) and the Earth region is shaded. The LIGO arc overlaps the GBM
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localization in the southern lobe. We also show the 68% containment region of all
the localizations returned by simulations between 100 and 1000 keV of weak sources
from positions on the southern and northern lobes. The simulations suggest a broad
distribution of possible locations for a given source position, but we find that the
actual localization of GW150914-GBM is quite well constrained to the part of the
sky (and Earth) at high θ, consistent with an origin in the southern lobe of the LIGO
annulus.

5.3

Paper: Searches for GBM Signals around LVT151012 and GW151226

Because of the possible importance of GW150914-GBM a careful analysis of the
GBM observations of the GW candidate LVT151012 and GW151226 was necessary.
The following report of the GBM analysis around these two GW triggers is modified
from Racusin et al. (2016). When possible we remove reference to the Fermi Large
Area Telescope (LAT) analysis as it is beyond the scope of this work. I contributed
about 40% of the analysis of GBM data in this paper, much of the arguments of the
discussion, and some of the initial text which was subsequently cleaned up by Judith
Racusin.
Abstract:
We present the Fermi Gamma-ray Burst Monitor (GBM) observations of the
LIGO binary black hole merger event GW151226 and candidate LVT151012. At
the time of the LIGO triggers on LVT151012 and GW151226, GBM was observing
68% and 83% of the localization regions, respectively. No candidate electromagnetic
counterparts were detected by GBM. We present a detailed analysis of the GBM
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data over a range of timescales from seconds to years, using automated pipelines and
new techniques for characterizing the flux upper bounds across large areas of the
sky. Due to the partial GBM coverage of the large LIGO localization regions at the
trigger times for both events, differences in source distances and masses, as well as
the uncertain degree to which emission from these sources could be beamed, these
non-detections cannot be used to constrain the variety of theoretical models recently
applied to explain the candidate GBM counterpart to GW150914.

5.3.1

Introduction

Prior to the watershed discovery of GWs from the BH-BH merger GW150914, and
the candidate ∼ 1 s long gamma-ray counterpart GW150914-GBM that was seen 0.4
s later (Connaughton et al., 2015), there was little theoretical expectation for EM
counterparts to BH-BH mergers. The weak gamma-ray signal observed by the GBM
is temporally and spatially coincident with the GW trigger, and appears similar to a
low-fluence SGRB. Note that the candidate GBM counterpart was not detected by
the INTEGRAL SPI-ACS (Savchenko et al., 2016), and there is debate regarding the
nature of the GBM signal (Greiner et al., 2016).
Since the potential discovery was announced, innovative ideas have emerged
to explain an observational signature that possibly resembles a weak SGRB from a
BH-BH (e.g., Loeb 2016, Fraschetti 2016, Janiuk et al. 2017, and Perna et al. 2016);
see also Lyutikov (2016) for significant constraints on such models.
Binary Neutron Star (BNS) or Neutron Star - Black Hole (NS-BH) mergers
are the most likely progenitors of SGRBs (Eichler et al. 1989, Narayan et al. 1992,
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Lee and Ramirez-Ruiz 2007, and Nakar 2007), and therefore they are the most similar
object class for comparison to Fermi observations of BH-BH mergers. Here we report
the GBM observations of LVT151012 and GW151226.
Approximately 68% of the LVT151012 LIGO localization probability and 83%
of the GW151226 LIGO localization probability were within the Fermi GBM FoV at
the trigger times, respectively.
The GBM completed its first post-trigger coverage of the entire localization
probability map for LVT151012 within 8 minutes and for GW151226 within 34 minutes .
No credible counterpart candidates were detected by the GBM at the trigger
times of both events or on the timescales of minutes, hours, days, and months afterwards. These non-detections do not constrain models proposed for the candidate
GBM counterpart to GW150914, owing to the partial GBM and LAT coverage of
the LIGO localization region at the time of trigger for both events, differences in
the source distances and system masses, as well the uncertain degree to which emission from these sources could be beamed. Therefore, these GBM non-detections do
not provide strong evidence whether gamma-ray emission is associated with BH-BH
mergers.
A statistically-significant sample of BH-BH mergers, which will be collected
over the coming years by the advanced network of GW observatories (including LIGO
and Virgo) and wide-field gamma-ray instruments, will be required to understand the
nature of candidate EM counterparts to BH-BH merger events, such as GW150914GBM.
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Table 5.3: Timescales over which the GBM data was studied with the various analyses of LVT151012 and GW151226, all referenced to the LIGO trigger times (tLVT or
tGW ). ∗ Note that for Tadaptive we report the minimum and maximum possible duration. # Note that TEOT straddles tLVT and tGW as evenly as possible given limitations
of when this analysis was performed relative to the triggers.

5.3.2

Tblind
Tseeded
TEOT

Analysis Time Period
LVT151012
GW151226
continuous
continuous
±30 s
±30 s
1 day, 1 month, 1 year# 1 day, 1 month, 1 year#

Observations and Data Analysis

This section describes several standard and new extensive searches of the GBM data
within the LIGO localization contours of LVT151012 and GW151226 using a variety
of techniques and timescales. The timescales referred to throughout this section are
summarized in Table 5.3. There were no credible counterpart candidates detected in
any of these searches.
The LIGO localization maps for LVT151012 and GW151226 are shown in
Figure 5.11 with the regions occulted by the Earth for Fermi at the times of the GW
triggers, indicating the portions of the sky and LIGO localization probability regions
visible to both the GBM and LAT. All of the GBM upper bound measurements are
calculated for the LIGO localization regions containing 90% of the probability. The
following sections provide further details on the GBM observations and analyses.
The searches of GBM data for short-duration prompt emission and the EOT
have been described previously in this work and are not repeated here.
In the absence of a detected counterpart signal, we have developed a new
technique for setting bounds on the strength of impulsive gamma-ray emission, defined
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Figure 5.11: LIGO localization probability maps for LVT151012 (top; (LVC, 2016))
and GW151226 (bottom; (LVC, 2015b)) indicating the portions of the sky occulted by
the Earth for Fermi at the time of the LIGO trigger (blue shaded region). The GBM
observes the entire unocculted sky. The pink shaded region indicates the portions of
the sky within the LAT FoV at the GW trigger times.

as the upper edge of the confidence interval on the flux of a source. The LIGO
probability map is divided into regions best observed by the same NaI detector. A
3σ upper bound on the count rate is defined as three times the standard deviation
around a background fit that excludes ±30 s from the GW trigger time. This can be
converted to a flux upper bound by taking the counts and folding an assumed model
through the response. We assume a cutoff power-law fit with Epeak = 566 keV and
a photon index of 0.42, which are the values at peak density for SGRBs best fit by
a cutoff power-law from the GBM spectral catalog7 (Gruber et al., 2014; Goldstein
et al., 2012) after accounting for parameter correlation. With an assumed distance,
these upper bounds can be converted to luminosity upper bounds.
7

http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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5.3.3

GBM Observations of LVT151012

The GBM collected data continuously, without passing through the SAA, from 24
minutes prior to 50 minutes after the LIGO detection of LVT151012 (tLVT ). Figure 5.11 shows the LIGO sky map from LVC (2016) with the blue shaded region
indicating the region of sky occulted by the Earth for Fermi at the time of the GW
event. The GBM was observing 68.2% of the LIGO localization probability at tLVT ,
with exposure of the rest of the localization region over the next 8 minutes.
The only GBM on-board trigger within 12 hours of LVT151012 was misclassified as a GRB by the flight software, and was determined to be caused by a high
local particle flux due to an exit from the SAA. The offline blind-search pipeline
found no credible candidates within 2 days of the LIGO trigger. There were also no
candidates found by lowering the threshold in a 10-minute time window around tLVT .
The seeded-search pipeline was run on the Tseeded interval of −30 < tLVT < +30 s,
searching for a potential counterpart with duration between 0.256 s and 8 s. The
interval was selected a priori roughly guided by the assumption that if GRBs are
related to compact binary mergers then the impulsive gamma-ray emission should be
close in time to the GWs, with a wide enough search window to catch possible precursor emission (Troja et al., 2010) and possibly unexpected time offsets from tLVT .
A light curve showing the summed count rate (ignoring the lowest and highest energy
standard CTIME channels) is shown in Figure 5.12.
Given the lack of any significant impulsive gamma-ray emission above the
background, we set upper bounds on the impulsive emission (Figure 5.13). Using the
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Figure 5.12: There is no evidence that the GBM detected any significant emission
during LVT151012, demonstrated by the summed count rate light curve over all
GBM detectors (NaI from ∼10–1000 keV, BGO from 0.4–40 MeV) during the Tseeded
interval: −30 < tLVT < +30 s. The blue curve shows CTTE data rebinned into 1.024
s bins, the green curve is standard CTIME data with 0.256 s bins, and the red is a
sum of non-parametric fits of the background of each detector and CTIME energy
channel. There are no statistically significant fluctuations within this interval.

EOT, we also searched for longer-lasting emission: 1 day before and 1 day after tLVT ,
a month starting at tLVT (2015 October 12 to 2015 November 11), and a year centered
around tLVT (2015 April 12 to 2016 April 12). No new sources were detected on any
of the searched timescales and energy bands.

5.3.4

GBM Observations of GW151226

The GBM collected data, without passing through the SAA, continuously from nearly
30 minutes before to almost 10 hours after GW151226 (tGW ). Figure 5.11 shows the
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Figure 5.13: The area within the LVT151012 LIGO localization contour is shaded to
indicate the GBM 10–1000 keV flux upper bounds during during the Tseeded interval:
−30 < tLVT < +30 s. The purple shaded region indicates where the sky was occulted
by the Earth for Fermi . The Galactic plane is the grey curve, and the Sun is indicated
by the yellow disk.

LIGO sky map from Abbott et al. (2016b), and the regions of the sky accessible to
the GBM and LAT at the time of detection of the GW event. The GBM observed
83.4% of the LIGO localization probability during the GW emission of GW151226,
with exposure of the rest of the localization region over the next 34 minutes.
There were no GBM on-board triggers within twelve hours of GW151226, and
no candidate counterparts found using the blind-search pipeline within 5 days of
tGW . There were also no candidates found by lowering the threshold in a 10 minute
window around tGW . The seeded-search pipeline also found no credible candidates
in the ±30 s Tseeded interval. The most significant fluctuation identified has a FAR
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Figure 5.14: There is no evidence that the GBM detected any significant emission
during GW151226, demonstrated by the summed count rate light curve over all GBM
detectors (NaI from ∼10–1000 keV, BGO from 0.4–40 MeV) during the Tseeded interval: −30 < tGW < +30 s. The blue curve shows CTTE data rebinned into 1.024 s
bins, the green curve is standard CTIME data with 0.256 s bins, and the red curve is
a sum of a non-parametric fit of the background of each detector and CTIME energy
channel. There are no statistically significant fluctuations within this interval.

value of 2.2 × 10−3 and occurred 2.0 s before GW151226. The post-trials False Alarm
Probability (FAP) is 20%; this event is insignificant. A summed count rate light
curve (ignoring the lowest and highest energy standard CTIME channels) is shown
in Figure 5.14.
We use the same method to calculate the upper bounds as for LVT151012.
The resulting upper bounds map is shown in Figure 5.15. Using the EOT, we also
searched for longer-lasting emission: on timescales of 1 day before and 1 day after
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Figure 5.15: The area within the GW151226 LIGO localization contour is shaded
to indicate the GBM 10–1000 keV flux upper bounds during the the Tseeded interval:
−30 < tGW < +30 s. The purple shaded region indicates where the sky was occulted
by the Earth for Fermi . The Galactic plane is the grey curve, and the Sun is indicated
by the yellow disk.

tGW , 1 month starting at tGW (2015 December 26 to 2016 January 25), and 1 year
around tGW (2015 April 28 to 2016 April 28 - shifted to start at tGW -242 days and
end at tGW +124 days - given the data available at the time of this analysis). No new
sources were detected on any of the searched timescales and energy bands.

5.3.5

Conclusions

Fermi provides the best current wide-field observations of the time-variable gammaray sky in the keV–GeV band, for comparison to triggers from multi-messenger facilities like LIGO. The GBM observed a substantial fraction of the LIGO localization
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probabilities at the times of the LIGO triggers for the three potential BH-BH mergers, and fully observed them within minutes. The GBM candidate counterpart for
GW150914 and the non-detections from LVT151012 and GW151226 can provide observational constraints for new theoretical models for EM counterparts to BH-BH
mergers.
Unfortunately, the Fermi observations of LVT151012 and GW151226 cannot conclusively resolve the unknown nature of the GBM candidate counterpart to
GW150914. The partial GBM coverage of the LIGO localization regions at the time
of trigger for both LVT151012 and GW151226 leaves open the possibility that similar
EM counterparts occurred outside the GBM FoV. Ultimately, a statistically large sample of well-observed localization probability maps for BH-BH mergers will be needed
to confidently say whether GW150914-GBM is associated with a BH-BH merger.
The era of GW astronomy is an exciting time for facilities like Fermi , that
excel at transient source discovery. We have developed new pipelines and techniques
to search the GBM and LAT data for transient sources, and set constraining upper
bounds using Fermi data. As LIGO and Virgo continue to become more sensitive,
and new facilities come online (LIGO India, KAGRA), more BH-BH mergers will be
detected, and BNS mergers (for which expectations for EM counterparts are much
more concrete), are also expected to be observed. This could finally identify the
progenitors of SGRBs.
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5.4

Paper: Joint Sub-Threshold GBM/LIGO O1 Search

We have discussed searches for GBM signals around significant GW events. Here we
search for GBM signals coincident with sub-threshold GW triggers. For LIGO and
Virgo ‘triggers’ refers to all events identified by the search pipelines. For this paper
I performed the majority of the GBM analysis and wrote the text everywhere except
where explicitly stated.
Abstract:
We present a search for gamma-ray counterparts to gravitational wave triggers
from Advanced LIGO’s O1 observing run. A joint detection would reveal information
on astrophysical sources that are impossible to obtain otherwise. Weaker gravitational wave signals could become significant detections if properly associated with
a sufficiently rare electromagnetic transient. We use the Fermi GBM, owing to its
complementary observing capabilities, to search for counterpart gamma-ray emission
to LIGO’s O1 triggers. There is only one signal that appears above the background
level, and it is due to a solar flare. We will use the search method developed here in
low latency searches for future gravitational wave observing runs.

5.4.1

Introduction

Advanced LIGO’s O1 search unambiguously detected 2 GWs, and possibly a third,
all three of which originated from the merger of two black holes. Despite no theoretical predictions of bright EM emission of BH-BH mergers, comprehensive observing
campaigns with EM observatories were carried out. The Fermi GBM found the
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only potential EM counterpart to a GW thus far (Connaughton et al., 2015), though
the event is unconfirmed in other gamma-ray instruments and no similar signal was
found around GW151226 or LVT151012, though this is not necessarily surprising.
Therefore, we place no restrictions on the LIGO template masses, allowing for any
combination of compact objects involved in the merger event.
A sub-threshold GW candidate could be confirmed as real if it is properly
associated with an EM detection. We have searched the GBM data for evidence of
EM counterparts to sub-threshold GW candidates whose significance could potentially
be raised to the level of detection. As we have previously described the relevant
instruments and search methods we do not reiterate them here. We present a brief
summary the results of each instrument’s individual searches, our joint search, and
our results and conclusions.

5.4.2

Advanced LIGO’s O1 Observing Run

In this study we employ triggers produced by both CBC pipelines. The time range
covered by the trigger set is September 12, 2015 to January 19, 2016, with a total
two-detector livetime of ∼50 days. There are about 5,000 triggers each from PyCBC
and GstLAL, for a total of about 10,000. For practical reasons, a few iterations of the
CBC search were executed during O1, each including improvements in the calibration
of the detectors, the configuration of the pipelines, or both. The triggers employed
in this study were obtained from the first runs of the offline CBC pipelines, whose
results were available with a typical latency of a few weeks. As a result, the FARGW
associated with each trigger was calculated using a ∼ 15-day subsets of the data
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around the trigger. Triggers from the final runs of PyCBC and GstLAL, produced
using the final calibration of the detectors and with FARGW s computed using the
entirety of the data, were available with a much larger latency and are not used here.
An investigation comparing the triggers used here versus the final set shows general
agreement (Tito dal Canton, private communication).
Figure 5.16 displays every LIGO trigger found by either pipeline. The times
with no points correspond to one or both detectors being unable to produce science
data or strongly affected by well-understood instrumental or environmental disturbances. With the exception of the two confident detections GW150914 (Abbott et al.,
2016c) and GW151226 (Abbott et al., 2016b) and the weaker candidate LVT151012
(Abbott et al., 2016c), no trigger is more significant than the inverse of the O1 livetime
of ∼ 2 × 10−7 Hz (horizontal line in Figure 5.16).
We generated a BAYESTAR map (Singer and Price, 2016) skymap for each of
these CBC triggers. BAYESTAR quickly produces skymaps comparable to the more
accurate skymaps produced by slower methods. We used BAYESTAR as we needed
thousands of skymaps generated, and because the BAYESTAR maps are generated
quickly enough to be used in online searches for EM counterparts, allowing us to use
them in future LIGO runs.

5.4.3

Search Results

As the current implementation of the untargeted search is similar to the on-board
triggering algorithm we treat these GRB samples together. Therefore, we have two
searches. The first search combines the on-board triggered and untargeted SGRBs as
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Figure 5.16: A scatter plot of the CBC GW triggers found in O1. Each point
corresponds to an individual LIGO trigger. The horizontal line denotes the inverse of
livetime for LIGO O1. The red diamond corresponds to GW150914, the yellow square
to GW151226, and the orange triangles correspond to LVT151012. Some triggers
are duplicates, such as LVT151012, since a trigger can be found separately by both
pipelines. Both GWs also have two points, but the FARGW for GstLAL for both is
far lower than 10−12 and are not shown to allow delineation of the other triggers.
For many of the following searches in GBM each trigger is treated identically, but for
the targeted search in GBM subsamples were selected by LIGO FARGW cuts. The
blue points correspond to the background sample, with LIGO FARGW > 10−3 . The
silver points correspond to the targeted search sample, with LIGO FARGW < 10−5 , or
approximately fewer than one per day. These colors and marker style are preserved
throughout this article. The only events more significant than the inverse of the
livetime for O1 are the two GWs and LVT151012.

they are all found independently of external information, and the second search was
done using the targeted search which relies on input information from LIGO triggers.

5.4.3.1

Triggered and Untargeted Search

The obvious first step is to check all LIGO triggers against GBM GRBs. These are the
triggered GRBs (both long and short) and the GRBs found by the untargeted search,
the combination of which make up our O1 GBM GRB sample, made up of 115 GRBs
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in total of which about half are short. This includes long GRBs (as the distributions
of short and long overlap and it is sometimes difficult to properly assign a given GRB
to either class) and the closest GRB was allowed to come before the LIGO triggers.
The results for the CBC trigger set is plotted in Figure 5.17. The untargeted search
found SGRBs 5 seconds before a GstLAL trigger, 11 seconds before a GstLAL trigger,
and 28 seconds before a PyCBC trigger; however, all three FARGW s are greater than
10−4 Hz. A triggered GRB occurred about 20 seconds before a GstLAL trigger with
FARGW greater than 10−4 Hz. There are no GRBs in our search sample that occur
shortly after a LIGO trigger. Here we include the three significant LIGO events
(both GWs and LVT151012) as improvements to the blind search of GBM data have
found more SGRB candidates that have not previously been compared with the LIGO
triggers.
There is also no obvious clustering within any reasonable time. The expected
offset distribution is difficult to predict, owing to the long breaks in LIGO livetime.
We find the absolute offset time that the closest GRB in our sample to 90% of the
LIGO triggers with FARGW greater than 10−5 are further than; this is plotted as
the green vertical lines in the plots. About 10% of the search sample are within
this boundary, as expected for the null result. As there are no promising signals we
did not require location agreement. In the future a putative associated event would
require agreement in localizations between instruments, which will gain us a factor of
at least a few in joint background rejection.
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Figure 5.17: The minimum time offset from a CBC trigger to the closest triggered
GRB or short GRB found by the untargeted search. The vertical lines are the distance
that 90% of the non-significant LIGO triggers are further out from. There are no
significant events close to zero offset time to anything in the GBM GRB sample, and
no evidence for clustering within a reasonable timeframe.

5.4.3.2

Targeted Search

The targeted search version used here is the same version used in the analysis of
both GWs and LVT151012. We select the highest FARGW LIGO triggers and treat
them as background, and define a search sample as those with FARGW < 10−5 . This
threshold was chosen in an attempt to contain true triggers which could be significant
with a joint association while minimizing background contamination. This is similar
to the threshold LIGO uses for alerts in GraceDB, the GW trigger database. Here
we exclude the 3 significant LIGO events from our search as careful targeted searches
for gamma-ray signals around these events have already been reported.
LIGO triggers were considered coincident if they occurred within 1 second
of one another. When this occurred the skymap from the pipeline with the more
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Figure 5.18: The cumulative plot for soft GBM events. The background sample is
scaled to the livetime of the search sample, showing an expected rate. The search
signal above background is due to a solar flare.

significant FAR was used. There were 9 duplicate triggers with no offset (0.00 s), 7
duplicate triggers with little offset (0.01 s), and one occurrence with offset of 0.02 s.
In Figure 5.18, Figure 5.19, and Figure 5.20 we plot the cumulative significance
distributions for the three template spectra. It is evident that the FARGBM s in GBM
are bounded by real events that are coincident in time and space with the LIGO
trigger times and skymaps. Additionally, some of the high likelihood events are due
to bad background fitting around the SAA during high particle activity. While the
targeted search automatically filters out most of these, some are missed and tend to
high significance. Even so, the soft and normal distributions have large numbers of
real astrophysical events.
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Figure 5.19: The cumulative plot for normal GBM events. The background sample
is scaled to the livetime of the search sample, showing an expected rate. There is
no evidence for excess normal signals above the assumed background in our search
sample.

The event above background for the soft template occurred 26 seconds before
a GW trigger time. It is soft and found by the longest timescale. The event occurred
on the exponential decay tail of an M class solar flare and the GBM localization is
consistent with the Sun and inconsistent with the LIGO arc. This event is due to
solar activity.
An alternative manner of visualizing the results of the targeted search is shown
in Figure 5.21 as it shows all the results, regardless of the best fit spectrum in GBM,
as well as a visualization of the FAP with time prior following the formalism used
in Connaughton et al. (2015). Here we do include the GWs and LVT151012 in the
plots to place the significance of GW150914-GBM in context. It is evident that no

169

Number of Events

≥L

Hard Spectrum Events
10 1

Background
Search

10 0
10 -1
10 0

10 1

10 2

10 3

L
Figure 5.20: The cumulative plot for hard GBM events. The background sample is
scaled to the livetime of the search sample, showing an expected rate. There is no
evidence for excess normal signals in our search sample.

event from our search sample approaches the FAP significance of GW150914-GBM,
and the only event with an equal FAR is due to a known astrophysical event.

5.4.4

Conclusions

Advanced LIGO has recently directly detected gravitational waves, and completed its
first observing run. We performed two separate searches for gamma-ray signals in the
Fermi GBM around LIGO CBC triggers. No on-board triggered GRB or GRB found
by the untargeted GBM search were found close in time to any reasonably significant
LIGO trigger.
The targeted search that identified GW150914-GBM finds only a solar flare
above the expected background rate. However, it is not significant on the livetime of
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Figure 5.21: The x axis is the absolute time offset to significant GBM events relative
to the LIGO triggers. The silver dots show the search sample, the orange triangle
shows a noise event around LVT151012, the yellow square shows the signal 2 seconds
before GW151226 (as reported in the rest of O1 joint Fermi paper), and the red
diamond shows GW150914-GBM 0.4 s offset and the soft galactic transient 11 seconds
later. The silver sample triggers are not one-to-one with the search runs as some
searches may find no events and some may find multiple events. Based on the color
scale it is evident that GW150914-GBM stands alone in significance.

our search sample. We did not use the final O1 LIGO calibration for our FARGW nor
did we use the updated version of the GBM targeted search. As we found nothing
significant the small differences these would cause are ignored. We do not set upper
limits on emission as there are too many variables to be scientifically useful (e.g. the
fraction of LIGO skymaps observed by GBM, the fraction of beamed events that we
could observe, the fraction of progenitors that produce EM emission, etc).
We will continue to perform exhaustive searches for gamma-ray signals in GBM
around GWs and GW candidates, as well as automatic joint sub-threshold searches
for the weaker GW triggers. These future searches are necessary to search for signals
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like GW150914-GBM around BH-BH mergers, to continue to search for other possible
sources of EM emission from GW events, and beneficial for the first NS-BH or NS-NS
joint detection.

5.5

Other Analysis of Gamma-Ray Observations

The previous papers have commented on some of the putative disagreements of GBM
observations around GWs with the observations of other gamma ray telescopes. Here
we expand on these disagreements and the different analyses of GBM data.

5.5.1

Other Analyses of GBM Data

There have been three other reported analyses of GBM data around GW (and LVT)
events. This is understandable as the possible counterpart to a BH-BH merger has
potentially huge implications across many fields, and GBM has public data. Two
papers claim GW150914-GBM is unrelated to GW150914. I note that neither of
these papers uses an empirical measure, such as a FAR, to support their claims. The
third claims an additional signal in GBM around LVT151012. None of these analyses
approach the data using the information from all detectors and the full spectral
response.

5.5.1.1

Greiner et al.

The Greiner et al. (2016) paper performs complicated Bayesian analysis in an attempt
to use spectral information to reject GW150914-GBM as related to GW150914. In one
of their analyses, they use PGStat, which assumes Gaussian errors on the background
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fit, as opposed to the likelihood statistic in Connaughton et al. (2015), which assumes
no uncertainty on the background, to argue the event has a much lower fluence than
reported in Connaughton et al. (2015). Second, they use a Bayesian approach to
determine if the event is more likely to have arisen from background fluctuations or
a true signal based on the excess in detectors NaI 5 and BGO 0, and conclude the
event is consistent with background.
The paper has a number of egregious errors and their conclusions are not
supported by their analysis. Some errors are extremely basic. They plot logarithmic
parameters in linear space, such as the power law amplitude in their Figure 6, which
while a minor error is graphically misleading. They also plot data from their Table 1
as a scatterplot in their Figure 12, but the points are centered on the wrong position.
This is clearly seen by checking the lowest power law index for their RMFIT-based
analysis, which is -1.44, and checking for the lowest plotted value, which is higher
than -1.3. This mistake is not trivial as they infer significances in SPI-ACS that
match the plot with incorrect data.
The paper also has some highly technical errors. To perform spectral analysis
in GBM an assumed spectrum is folded through the detector response and then compared to the data, a method called forward folding. We cannot fold the data through
the detector response and compare to spectral models because the detector response
matrices are non-invertible. Using the spectral parameters from an assumed model
folded through a detector response matrix in one instrument to predict the signal
in an instrument with a different response cannot be used to distinguish between a
systematic in the detector response as opposed to assuming a poor spectral model.
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Additionally, the detector responses are position dependent. In GBM, and likely
SPI-ACS, the detector responses do not vary significantly over a few degrees. However, when the localization uncertainty exceeds this value then assuming an incorrect
location can prevent a true signal from appearing coherent between detectors.
To resolve this issue in Connaughton et al. (2015) we performed spectral analysis at multiple positions of the LIGO arc that were viewable to GBM at event time,
and marginalized over the LIGO probability map. This brings us to the fatal flaw
of the Bayesian approaches in Greiner et al. (2016). The position chosen for the
Bayesian analysis in Greiner et al. (2016) has only 2% of the LIGO probability, is
outside of the three sigma contour of the GBM-only localization, and far from the
joint localization. It is more than 40 degrees from the highest probability region, and
more than 20 degrees from the joint localization, far exceeding the distance that the
GBM spectral response is valid. This position is better viewed by NaI 5, the NaI
they use, than any of the positions of the joint localization. This incorrect position
results in disagreement between NaI 5 and BGO 0. Every step of their analysis that
relies on this point is invalid.
Further, Greiner et al. (2016) seek to contrast their analysis with the analysis
in Connaughton et al. (2015). They assert that we claim GW150914-GBM as a
counterpart, despite this not being true. In Connaughton et al. (2015) we describe
the event as being identified by the hard template, and assign significance compared
to the background of hard events (paying an appropriate trials factor). The authors
of Greiner et al. (2016) claim that because their analysis identifies the event as soft
(which is inconsistent with a cursory glance at the raw count rates) our assignment
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of significance is invalid. This demonstrates a fundamental misunderstanding of the
empirical FAR.
In summary, the authors of Greiner et al. (2016) first argue GW150914-GBM
has a lower fluence than is claimed in Connaughton et al. (2015). They support this
by showing putative agreement with the non-detection in SPI-ACS. I note that even if
this flawed analysis were correct, it does not support their claims of GW150914-GBM
not being astrophysical. The fluence of the event has no bearing on the significance
assigned in Connaughton et al. (2015). If the fluence truly is as weak as claimed
in Greiner et al. (2016) then this explains any putative disagreement with SPI-ACS.
They then argue that the event is more consistent with a background fluctuation,
based on an analysis that fails the first step of analysis in GBM: use an acceptable
location.

5.5.1.2

Xiong

In Fermi GBM the NaI detectors used for analysis of an event are, usually, those with
source angles to detector normal less than 60◦ . The NaI efficiency as a function of this
angles can be approximated as cos(θ) for ‘good’ viewing detectors. The traditional
cutoff of 60◦ therefore corresponds to an efficiency of about half of maximum. Owing
to the poor geometry of GW150914-GBM this approximation is invalid. The efficiency
of the NaI detectors to high energy photons through the back of the detector is about
20%.
In Xiong (2016) a relaxed definition of ‘good’ NaI detectors is used, with a
threshold cutoff of 80◦ , which defines NaIs 2, 4, and 5, and BGO 0 as good detectors.
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The basic argument in Xiong (2016) is the count excess is more significant in the ‘bad’
viewing detectors than the ‘good’ ones, and thus concludes that GW150914-GBM is
unrelated to GW150914. The author does not use the detector response matrices and
uses an invalid approximation to draw this conclusion. This, and a GRB with similar
geometry showing the same general 14 detector excess has already been discussed in
Connaughton et al. (2015). Therefore, I find the claims in this paper unconvincing.

5.5.1.3

Bagoly et al.

This section is modified from Racusin et al. (2016):
We find no evidence for the counterpart reported by Bagoly et al. (2016) in
their search of the GBM data around LVT151012. Our search method combines
signals in the 14 GBM detectors in a way that tests for the likelihood of a source
from any sky position. This is done by weighting both the contribution from each
detector and the contribution of each energy channel according to their expected relative contributions for a source at that position. By using the detector responses
rather than examining just the raw count rates above background, we can find weak
sources that are consistent with an astrophysical source while rejecting fluctuations
of similar magnitude in counts space. That we do not find the candidate counterpart reported in Bagoly et al. (2016) suggests that either the relative rates among
detectors or the distribution of counts in energy for their event are not indicative of
a physical source from a single sky position. Indeed, Bagoly et al. (2016) state they
do not use the response information to weight the relative signals when combining
detector information, instead weighting the contributions of each detector and energy
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channel according to signal-to-noise ratio above the background count rates, without
consideration as to whether the weighted spectrum is physical or the detector weights
are consistent with an arrival direction from a single position. Sub-threshold events
in background-limited detectors are weak and each detector energy channel is subject
to fluctuations. The robustness of our technique relies on the combination of 14 individual measurements in a coherent way that uses knowledge of detector responses
and typical source energy spectra.

5.5.2

Other Gamma-Ray Observatories

We have discussed other wide field gamma-ray telescopes and have referenced their
analysis when appropriate throughout the paper. However, additional publications
and work has been done since these papers were finalized. Here I describe the current
state of the field.

5.5.2.1

IPN

The most encompassing paper on other gamma-ray observations of GW150914 is the
IPN summary (Hurley et al., 2016). A discussion of the relevant instruments and the
limits each instrument can set is given. I bring attention to a quote near the end:
‘However, none of the IPN instruments have to date actually detected bursts with the
GBM duration of ≈1 s and with lower fluence or peak flux.’. No instrument has ever
detected a signal similar to GW150914-GBM. This is not evidence against the signal
itself, but evidence of the limitations of previous search methods on GBM data, and
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the minimum sensitivity of other instruments limited by lack of spectral, independent
detector counts, or sufficient temporal resolution.

5.5.2.2

INTEGRAL SPI-ACS

Much has already been said on the putative disagreement between SPI-ACS in Connaughton et al. (2016). We point to the quote in the previous section as evidence
against the SPI-ACS claim of ruling out GW150914-GBM as astrophysical in origin.
Additionally, to determine if SPI-ACS could be used to valid our blind SGRB search,
we investigated the sensitivity of SPI-ACS to GBM triggered SGRBs. The fraction
detected above 4.5 σ, which is the level reached by background fluctuations, is plotted
as a function of fluence as measured by GBM in Figure 5.22. The SPI-ACS has its
greatest sensitivity for 75% of the sky, and a factor of a few lower sensitivity for the
remaining 25% (Savchenko et al., 2016). They are missing triggered GBM SGRBs,
some confirmed by other instruments, in their data. Many of these are above the
typical 3 σ upper limits set by SPI-ACS, which are similar to the limits set by a
single GBM NaI detector.
The limitation of SPI-ACS is the lack of independent electronics channels for
different detectors, and for energy channels within those detectors. SPI-ACS has a
bandpass to higher energies than GBM and larger effective area at higher energies.
This results in a proportionally higher background relative to increased signal in the
energy range of interest. I reiterate that the non-detection of GW150914-GBM in
SPI-ACS is not evidence against the event as real or having an astrophysical origin.

178

Fraction Detected in SPI-ACS

1.0
0.8
0.6
0.4
0.2
0.00

20

40

60

GBM Fluence Percentile

80

100

Figure 5.22: The fraction of GBM SGRBs detected by SPI-ACS above background
level. The blue shaded region is the 1 σ fluence range for GW150914-GBM.

KONUS and GBM have excellent and well-calibrated spectral responses over a
broad energy range, and the respective teams have published multiple GRB catalogs,
covering hundreds of bursts, that suggest the two instruments are in agreement to at
least 20%. The GBM and SPI-ACS teams are investigating the possibility of extrapolating the position dependent expected counts in SPI-ACS based on the spectral fit
of GBM data.

5.6

Discussion of GW150914-GBM

The discussion in Section 5.6.1, Section 5.6.2, and Section 5.6.3 is modified from
Racusin et al. (2016). The discussion in Section 5.6.4 and Section 5.6.5 are new.
Here we restrict our discussion to the three most significant LIGO events.
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5.6.1

Implications for Candidate Counterpart GW150914-GBM

The candidate gamma-ray counterpart to GW150914 reported by the GBM (Connaughton et al., 2015) that resembles a weak SGRB has surprised the community
and also spurred a great deal of theoretical speculations. The low significance of
the signal, and the lack of corroboration by other experiments has caused the true
nature of the GBM signal to remain ambiguous. Strong support for the candidate
EM counterpart would be achieved if a similar or higher significance counterpart were
found associated with other GW BH-BH merger events. The Fermi non-detections of
gamma-ray counterparts to LVT151012 and GW151226 can neither confirm nor refute
the potential association between GW150914 and the GBM candidate counterpart.
If we assume that all BH-BH mergers produce SGRB-like signals, the GBM
might reasonably not detect them for four reasons:
 The GBM observed 68% and 83% of the LIGO localization probability of

LVT151012 and GW151226, respectively, at the times of the GW triggers.
Therefore, there is a significant probability that the LIGO sources could have
been simply occulted by the Earth for Fermi at the GW trigger times. Without
all-sky coverage by the detecting instrument or a set of identical detectors, a
non-detection cannot rule out this hypothesis without a sample much larger
than the three events from the LIGO O1 observing run. The fractional sky
coverage alone can account for having a single detection.
 Depending on the source location, orientation, and geomagnetic coordinates of

Fermi at the time of the GW trigger, the GBM background rates can vary
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substantially. The background count rates were a few hundred Hz higher (3%)
at the time around GW151226 and a few thousand Hz higher (18%) at the time
around LVT151012 than around the time of GW150914. The reported distance
to LVT151012 from GW parameters is a factor of ∼ 3 larger than the distance to
GW150914. If all of these events produced similar gamma-ray luminosities, the
counterpart to LVT151012 would have been indistinguishable from background.
 If the source producing gamma rays in GW150914 is collimated, only a fraction

of those objects would be pointed at Earth. This fraction is slightly enhanced
by the fact that GW signals from binary mergers, while not truly collimated,
have stronger GW emission along the rotation axis of the merger system, which
is presumably aligned with the EM jet collimation axis. If one assumes that BHBH merger counterparts are collimated similarly to SGRBs (Fong et al., 2015),
then only ∼15–30% of similar systems would have their gamma-ray jets pointed
toward Earth. The potential detection of a counterpart in one of three objects
is entirely consistent with the most conservative assumptions of the degree to
which the high-energy emission from such sources is collimated.
 The intrinsic luminosity distribution would also limits detectability. Even if

GW151226 was beamed and on-axis, and the progenitor was not occulted to
Fermi , the event still may not be detectable if it was intrinsically dimmer than
GW150914-GBM. The energy radiated as GWs scales strongly with total progenitor mass. If there is also a strong scaling between total progenitor mass
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and the energy radiated in gamma rays, then any gamma-ray emission from
GW151226 would likely be less luminous than that from GW150914.
With only three possible GW detections (one with a fairly high FAR), and
one candidate counterpart, the statistics are not large, and little can be said of these
objects other than that they are broadly consistent. As Virgo joins LIGO in upcoming
GW observing runs, and they both head toward design sensitivity, the localization
regions are anticipated to become smaller and the GW horizon distance increase (with
the rate increasing as a cubed factor, Abbott et al. 2016b). Fermi will continue to
monitor the sky for potential coincident gamma-ray counterparts to all GW source
types.

5.6.2

Comparison to SGRBs

We do not suggest that GW150914, LVT151012, or GW151226 necessarily produced
EM counterparts similar to the population of hundreds of SGRBs observed by BATSE,
Konus-Wind, Swift BAT, GBM and other instruments over the last five decades. However, we put our observations (candidate counterpart and upper bounds) of these GW
detections in the context of the more familiar SGRBs to demonstrate the capability
of GBM for these searches in the future.
In Figure 5.23, we compare the distribution of SGRB 1-s fluence measurements from the 3rd GBM GRB catalog (Bhat et al., 2016) to our upper bounds for
LVT151012 and GW151226, as well as the fluence measurement described in Connaughton et al. (2015). The fluences from the GBM-detected SGRBs span 2.5 × 10−8
to 1.1 × 10−5 erg cm−2 , with GW150914-GBM around the 40th percentile. Compared
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Figure 5.23: Cumulative distribution of GBM fluence of SGRBs from Bhat et al.
(2016) over the duration of the SGRBs, compared to the 1-s fluence measurement for
GW150914-GBM, and the GBM upper bounds on LVT151012 and GW151226.

to SGRBs with known redshifts, GW150914-GBM was unusually close and thus would
be very sub-luminous compared to the SGRB population. At a more typical SGRB
redshift of z ∼ 0.5 (D’Avanzo et al., 2014; Fong et al., 2015), GW150914-GBM would
be undetectable by the GBM.
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5.6.3

Theoretical Models for EM Counterparts to BH-BH Mergers

After the announcement of GW150914, and the candidate counterpart GW150914GBM, a number of models for EM emission from BH-BH mergers have been proposed,
ranging from SGRBs to optical and radio transients (e.g., Murase et al. 2016) and
even luminous neutrino sources (e.g., Janiuk et al. 2017; Moharana et al. 2016). This
discussion is restricted to an incomplete selection of counterpart models, with a view
to defining key observational elements that modelers should address in future studies.
Much of the flurry of very recent activity in GW-EM merger modeling has
centered on systems with circumbinary disks or common envelopes that can seed
ephemeral accretion onto the resultant BH, perhaps spawning SGRBs. The study of
(Woosley, 2016) explores the evolution of close binaries composed of massive stars,
with core collapse in sequence: one companion generates a BH, and the second one
facilitates faster precursor inspiral due to the presence of a common envelope. After
the second BH is formed, the merger takes place amid the ambient shroud that
provides fodder for EM emission. Such a picture is adopted by (Janiuk et al., 2017)
as a basis for their neutrino flux predictions. A different scenario is that of (Loeb,
2016), who discusses a single star progenitor for a BH-BH merger: the rapid rotation
of the massive star yields either a dual helium core or ‘dumbbell’ core configuration
that spawns transient BHs that then merge. The common envelope again naturally
feeds the ergosphere with material for processing into EM form. The model of (Perna
et al., 2016) employs an extant BH-BH system that possesses a residual disk at large
radii that is neutral and therefore suppresses the magneto-rotational instability. This
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‘fallback’ disk remains inert until BH-BH inspiral revives it through tidal disruption
and associated heating. The merger then drives belated accretion to generate an
SGRB in temporal connection with the GW event. Even though the focus in these
pictures is on the accretion, there is the suggestion that jet activity will be part of the
rapidly evolving system. Winds may also be present (e.g., Murase et al. 2016), and
the lesser collimation of these can enhance the detectability of energetic EM signals.
A number of the counterpart models invoke the extraction of energy and angular momentum from the ergospheres of the merging BHs via the Blandford-Znajek
mechanism (Blandford and Znajek, 1977), a process that is posited to supply matter
and energy to the bases of jets emanating from supermassive BHs. Exploring this possibility in detail is beyond the scope of the present suite of incipient models of mergers.
Yet it should be noted that Lyutikov (2016) and Murase et al. (2016) indicate that the
EM luminosity constraints from such EM induction physics for GW150914 may require TeraGauss magnetic fields, with Lyutikov (2016) suggesting that these could be
unrealistically large for BH environs. A scenario that could provide such large fields is
the somewhat different EM induction model of Zhang (2016), which employs mergers
of electrically-charged black holes to generate time-varying magnetic moments that
dissipate some of their inspiral energy in driving a Poynting flux-dominated outflow.
Fraschetti (2016) discusses the possibility of black holes with non-vanishing electric
charge producing a highly collimated relativistic outflow through turbulent magnetic
reconnection.
The challenge for future theoretical studies of BH-BH mergers generating EM
counterparts is to establish EM templates for observational predictions at a fairly
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detailed level. These must address typical values and ranges for the source luminosity,
multi-wavelength spectrum and angular collimation. They should also offer clear
assessments of the pertinent timescales for the events, including delay relative to the
GW event and duration in different wavebands, and also whether or not there is EM
precursor activity (Ciolfi and Siegel, 2015). There is also the necessity of establishing
a GW merger signal with frequency and frequency derivative character appropriate
to the waveforms observed by LIGO and Virgo, i.e. matching oscillatory temporal
templates calculated assuming a pair of BHs merging in vacuum. This array of
model discriminants will enable rapid progress should GW-EM mergers become an
established astronomical paradigm.

5.6.4

The Brightness of GW150914-GBM

We have established that, if real and related to GW150914, GW150914-GBM is weak
in GBM owing to the unfortunate geometry, is of relatively average fluence for a
SGRB, is relatively low flux for a SGRB, and that the event is subluminous relative
to the measured SGRB population. We note that this is not necessarily surprising.
For the first joint LGRB-SN detection, GRB980425, the GRB was subluminous
and this contributed to skepticism about the association of the two events. Because
of the limited range that SN can be detected to, an associated GRB will tend to be
sub-luminous relative to the total population; this is related to the iceberg problem.
As we have previously shown, this is now proven to be a general behavior for GRBs
with associated SN.
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Similarly, given LIGO’s limited detection distance we will have the same bias
for SGRBs in coincidence with GW triggers. Therefore, GW150914-GBM being subluminous should not be taken as evidence against the association, and it should not
be used as evidence to argue that, if real, it belongs to a nearby sub-luminous class
of SGRBs.
However, GW150914-GBM, should it be related to GW150914, is within the
energetics range for SGRBs. For SGRBs it is unclear whether luminosity or total
energetics is the more appropriate measure of brightness. This is further complicated
as comparisons are usually done on peak luminosities, but owing to the low counts
in GBM because of the poor geometry this is not possible for GW150914-GBM. Here
we can only measure average flux, not peak flux.

5.6.5

Circumstantial Evidence for BH-BH Progenitors

Since the release of GW150914-GBM no paper has fully investigated how the circumstantial evidence for NS-NS or NS-BH mergers applies to BH-BH mergers. At a
basic level, BH-BH mergers also would require an older progenitor population, and
depending on formation channel they could be kicked from their galaxies and have
long inspiral times, and they could have low circumburst densities resulting in fainter
afterglows than LGRBs.
There is modeling support for mergers involving a NS, but this would be
reason to support a joint observation where one of the masses is consistent with
being a NS; this is not evidence against BH-BH mergers causing SGRBs. The only
observational evidence against BH-BH mergers is the possible kilonova detection, but
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we have pointed out this is not a smoking gun case. Additionally, as it is possible
some SGRBs are from NS-NS mergers and others from NS-BH mergers, it is possible
that BH-BH mergers cause only a fraction of the total SGRB population.

5.6.6

Future Work

The only way to determine the origin of GW150914-GBM is for more joint GW-EM
observations. Advanced LIGO is now running its online analysis on templates for BHBH mergers and the LV-EM community is following up these triggers. If GW150914GBM is indeed related to GW150914 then eventually we will jointly observe another
EM event around a BH-BH merger (not necessarily in gamma-rays). This may require
numerous joint observations owing to the limitations already explained. Additionally,
if BH-BH mergers can cause SGRBs it is likely we will have a horizon limitation in
gamma-rays as well as in GWs. However, if over the next few years we see multiple
GW150914-like events and find no associated EM signal consistent with a SGRB then
we could eventually conclude GW150914-GBM was a chance coincidence.
The proposed theories for EM emission arising from BH-BH mergers should
be expanded to include specific observational predictions. The fraction of SGRBs
caused by BH-BH mergers, or limits on the mass distribution, could be constrained
based on the non-detection of GWs around triggered SGRBs.
Improvements to the GBM sub-threshold searches to increase the chance of
detection and improve the assignment of significance may be crucial for future joint
detections (including progenitors with a NS). The blind search has made numerous
improvements, and verification is on-going. The targeted search has been improved
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from the original version used for the O1 analysis (Goldstein et al., 2016). I have also
built an automated pipeline to run the targeted search over CBC triggers, including
those to a lower threshold than reported to the LV-EM community, in real-time.
For the targeted search, the automatic inclusion of location information in
the ranking statistic should be done. This can currently be done when the seeded
location is relatively circular. The current implementation fails for comparing with the
typical two GW IFO localizations owing to the different morphology. The automatic
classification of known, unrelated transients would also improve the assignment of
significance to candidate EM counterparts. This is especially important as owing
to the all-sky view and poor localization ability GBM is bounded by the rate of
astrophysical transients. Another improvement would be in computational efficiency,
as the current limit is computation time.
These techniques should also be implemented in other wide-field gamma-ray
telescopes, though each instrument has limitations. The targeted search of GBM
data could be adapted to work on other instruments. KONUS-Wind could use a
similar search for longer duration transients (>∼ s), but this would need to be targeted to known locations as KONUS as no individual localization ability. Swift BAT
could detect sub-threshold SGRBs in its rate data. This may not exceed BAT’s
minimum triggered sensitivity, but it will expand this sensitivity to a wider field of
view. SPI-ACS likely cannot improve its searches as it has no localization nor spectral
information. These techniques should also be used in upcoming missions.
Similarly, these techniques could be used to search for signals around a wider
range of sources. Looking for gamma-ray emission at longer time periods around
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LIGO burst triggers, astrophysical neutrinos, or preceding supernova-like transients
are all areas where these techniques should be applied.
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CHAPTER 6

CONCLUSIONS

6.1

Summary

It is hard to overstate the scientific gain joint GW-EM detections will bring to astrophysics. A joint SGRB-CBC detection is the most likely, and the expected small
time offset allows for setting constraints on fundamental physics. Advanced LIGO
is currently the only GW observatory observing astrophysically interesting distances,
but this should change over the next few years as other advanced IFOs join the GW
network. Fermi GBM remains the most prolific detector of SGRB observations and
is a critical partner of Advanced LIGO and the future GW network. The GBM team
has developed autonomous pipelines and joint LIGO-GBM localizations will aide the
follow-up effort, making GBM crucial for joint detections studied across multiple
wavelengths. I have shown that, should the GW IFOs approach design sensitivity,
have reasonable livetimes, and should Fermi still be active, we should expect a joint
SGRB-CBC detection in the coming years.
The sub-threshold techniques used to find weak signals in GBM should be
used in other observatories, and joint GW-EM ranking statistics need to be developed
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before the first (or next) joint detection. When possible, these joint searches should
be done in real-time.
As a result of LIGO’s detection of merging black holes and the candidate counterpart GW150914-GBM a number of theories have been proposed, and EM follow-up
campaigns of BH-BH mergers continue. We have reported on the unexpected transient GW150914-GBM, which while weak it nevertheless prompted both theoretical
probing and alternative analyses of GBM data that we have shown to be flawed.
Should GW150914-GBM be a counterpart to GW150914 then we may have joint detections at a higher rate than those expected for mergers involving a neutron star.
The first GW-EM detection may have already happened, and we stand ready for the
new era.
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